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DEVELOPMENT OF PROTECTIVE COATINGS 
FOR CHROMIUM-BASE ALLOYS 
D. N. Williams, R. H. Ernst, C. A. MacMillan, 
J. J. English, and E. S .  Bartlett 
ABSTRACT 
Metallic cladding systems were applied to a chromium 5 weight percent 
tungsten alloy by gas-pressure bonding. Resistance to oxidation and nitrogen 
absorption during cyclic oxidation for up to 600 hours at 2100 and 2300 F were 
measured. Bend properties after oxidation exposures were determined. Multi- 
component cladding systems were examined. The outer oxidation resistant layer 
consisted of 5 to 10 mils of Ni-30 weight percent Cr or of  5 mils of aluminized 
(5 weight percent) Ni-30 weight percent Cr or Ni-20 weight percent Cr-20 weight 
percent W. Barrier layers of W, W-25 weight percent Re, W-1 weight percent Tho2, 
and Mo, 0.5 to 2.0 mils thick, were placed between the nickel alloy and the chro- 
mium alloy to retard interdiffusion. Compatibility layers of platinum or vanadium 
foil between the nickel-base alloy and the barrier layer were used in some systems. 
None of the systems provided adequate protection. Embrittlement of the chromium 
alloy occurred during cyclic oxidation. Embrittlement was apparently due to metal- 
lic contamination at 2100 F and to both metallic and nitrogen contamination at 
2300 F, it being noted that at 2300 F edge cracking of the clad specimens occurred. 
Contamination apparently occurred by diffusion of metallic elements through the 
barrier or cracks in the barrier layer during cyclic oxidation exposure. Diffusion 
of nickel into the chromium is suspected. Diffusion of chromium into the cladding 
material, thereby increasing the tungsten content of the chromium alloy, may also 
have been a factor. Thermal instability, tentatively attributed to chromium l o s s  
and surface enrichment in tungsten,was observed in the chromium alloy heated to 
2100 or 2300 F in argon and may also have contributed to poor bend ductility. 
Studies designed to improve the effectiveness of the barrier layer are recommended. 
TABLE OF CONTENTS 
Page 
SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 
SELECTION OF CLADDING SYSTEMS . . . . . . . . . . . . . . . . . . . . . . .  3 
MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
EXPERIMENTAL PROCEDURES . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Gas-Pressure Bonding . . . . . . . . . . . . . . . . . . . . . . . . .  7 
AluminumModification . . . . . . . . . . . . . . . . . . . . . . . . .  11 
Evaluation o f  Oxidation Resistance . . . . . . . . . . . . . . . . . .  15 
Measurement of Bend Transition Temperature . . . . . . . . . . . . . .  16 
Metallography and Chemical Analysis . . . . . . . . . . . . . . . . . .  16 
RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 
Selection of Aluminizing Treatment . . . . . . . . . . . . . . . . . .  16 
Examination of Cladding Variables . . . . . . . . . . . . . . . . . . .  25 
Oxidation Resistance at 2100 F . . . . . . . . . . . . . . . . . . . .  36 
Oxidation Resistance at 2300 F . . . . . . . . . . . . . . . . . . . .  59 
Bend Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . .  72 
DISCUSSION OF RESULTS AND CONCLUSIONS . . . . . . . . . . . . . . . . . . .  aa 
SPECIALIZED STUDIES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  91 
Improved Methods o f  Sample Preparation . . . . . . . . . . . . . . . .  
Interdiffusion Between Cladding Components . . . . . . . . . . . . . .  100 
New Coating System . . . . . . . . . . . . . . . . . . . . . . . . . .  125 
91 
Thermal Stability of Chromium-5 Weight Percent Tungsten . . . . . . . .  121 
PREPARATION OF EROSION BARS . . . . . . . . . . . . . . . . . . . . . . . .  126 
RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  132 
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  134 
APPENDIX 
TABLEA-1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A-I  
TABLE A-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  A-4 
D 
LIST OF TABLES 
Page 
TABLE 1 . 
TABLE 2 . 
TABLE 3 . 
TABLE 4 . 
TABLE 5 . 
TABLE 6 . 
TABLE 7 . 
TABLE 8 . 
TABLE 9 . 
TABLE 10 . 
TABLE 11 . 
TABLE 12. 
TABLE 13 . 
TABLE 14 . 
TABLE 15 . 
TABLE 16 . 
TABLE 1 7  . 
TABLE 18 . 
TABLE 19 . 
TABLE 20 . 
TABLE 2 1  . 
TABLE 22 . 
TABLE 23 . 
TABLE 24 . 
TABLE 25 . 
TABLE 26 . 
TABLE 27 . 
TABLE 28 . 
TABLE 29 . 
CLADDING SYSTEMS SELECTED FOR STUDY . . . . . . . . . . . . . . . .  
ANALYSIS AND BEND PROPERTIES OF CHROMIUM-BASE ALLOYS REPORTED 
BY S U P P L I E R  . . . . . . . . . . . . . . .  2 . . . . . . . . . . .  
CLADDINGMATERIALS . . . . . . . . . . . . . . . . . . . . . . . . .  
CLEANING SOLUTIONS FOR COMPONENTS OF CLADDING SYSTEMS . . . . . . .  
OXIDATION RESISTANCE OF ALUMINIZED NICKEL-BASE ALLOYS . . . . . . .  
KNOOP HARDNESS O F  SYSTEM 4 SAMPLE AFTER VARIOUS PROCESSING S T E P S  . . 
THICKNESS OF BARRIER LAYER AFTER VARIOUS TREATMENTS . . . . . . . .  
OXIDATION RESISTANCE DURING CYCLIC OXIDATION A T  2100 F . . . . . . .  
SUMMARY OF WEIGHT CHANGES DURING CYCLIC OXIDATION AT 2100 F . . . 
WEIGHT GAIN DURING INTERMEDIATE TEMPERATURE OXIDATION . . . . . . .  
RESULTS OF METALLOGRAPHIC SURVEY O F  SEVERAL SAMPLES OXIDIZED 
A T 2 1 0 0 F  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
KNOOP HARDNESS (100-GRAM LOAD) OF CHROMIUM-5 WEIGHT PERCENT 
TUNGSTEN ALLOY AFTER CYCLIC OXIDATION (2-HOUR CYCLES) FOR 100 
HOURS AT 2100 F . . . . . . . . . . . . . . . . . . . . . . . . .  
OXIDATION BEHAVIOR DURING CYCLIC OXIDATION AT 2300 F . . . . . . . .  
SUMMARY OF WEIGHT CHANGES DURING CYCLIC OXIDATION A T  2300 F . . . .  
RESULTS OF METALLOGRAPHIC SURVEY OF SEVERAL SAMPLES OXIDIZED 
A T 2 3 0 0 F  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
BEND PROPERTIES OF CHROMIUM-5 WEIGHT PERCENT TUNGSTEN ALLOY . . . .  
OXIDATION BEHAVIOR OF BEND SAMPLES OXIDIZED A T  2100 F USING 20-HOUR 
CYCLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
BEND TEST RESULTS FOR SAMPLES CYCLICALLY OXIDIZED AT 2100 F . . . .  
OXIDATION BEHAVIOR O F  BEND SAMPLES OXIDIZED A T  2300 F USING 20-HOUR 
CYCLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
BEND T E S T  RESULTS FOR SAMPLES CYCLICALLY OXIDIZED AT 2300 F . . . .  
ELECTROPOLISHING BATH USED TO PREPARE CHROMIUM ALLOY SAMPLES . . . .  
BEND PROPERTIES OF ELECTROPOLISHED CHROMIUM-5 WEIGHT PERCENT 
TUNGSTEN ALLOY FROM LOT 67-100 . . . . . . . . . . . . . . . . . .  
BEND PROPERTIES OF SYSTEM lb-CLAD SAMPLES PREPARED BY THE WRAP- 
AROUND TECHNIQUE AFTER CYCLIC OXIDATION FOR 100 HOURS A T  2100 F . 
BEND PROPERTIES OF SYSTEM l b  SAMPLES AFTER CYCLIC OXIDATIONy 
DECLADDING. AND REMOVAL OF VARYING AMOUNTS OF CHROMIUM ALLOY . . .  
RELATIVE CONTENTS OF INTERDIFFUSING ELEMENTS A T  SEVERAL DEPTHS I N  
DECLAD SYSTEM l b  SAMPLES . . . . . . . . . . . . . . . . . . . . .  
BEND PROPERTIES OF THREE CLADDING GYSTEMS AFTER EXPOSURE AT 2100 F . 
KNOOP HARDNESS OF SYSTEM 14 SAMPLE AFTER 100-HOUR CYCLIC OXIDATION 
A T 2 1 0 0 F  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
BEND PROPERTIES OF THERMALLY CYCLED CHROMIUM-5 WEIGHT PERCENT 
TUNGSTEN ALLOY . . . . . . . . . . . . . . . . . . . . . . . . . .  
BEND PROPERTIES OF THERMALLY CYCLED CHROMIUM ALLOY SAMPLES AFTER 
REMOVAL OF SURFACE MATERIAL . . . . . . . . . . . . . . . . . . .  
8 
9 
10 
14 
23 
34 
35 
37 
39 
49 
51 
58 
6 1  
63 
68 
79 
80 
81 
86 
87 
93 
94 
96 
107 
109 
111 
1 1 7  
122 
123 
TABLE A.1 . WEIGHT GAIN DURING ALUMINIZING TREATMENTS . . . . . . . . . . . .  A - 1  
TABLE A.2 . SUMMARY OF SAMPLES PREPARED FOR STUDY . . . . . . . . . . . . . .  A - 4  
LIST OF FIGURES 
FIGURE 1 . THE N i - C r - A 1  PHASE DIAGRAM . . . . . . . . . . . . . . . . . . . .  5 
FIGURE 2 . Ni-Cr -WAND Ni-Cr-W-A1 PHASE DIAGRAMS . . . . . . . . . . . . . . .  6 
FIGURE 3 . 12 
F I G U R E  4 . 13 SECTION THROUGHA PACK ASSEMBLY.. NOT TO SCALE . . . . . . . . . . .  COMPONENTS FOR PREPARING A 1/16 x 3/4 x 3 - 1 / 2 - I N C H  CLAD SAMPLE . . 
LIST OF FIGURES (cont inued)  Page 
FIGURE 5. ALUMINUM WEIGHT GAIN OF N i - 3 0 C r  SAMPLES A S  A FUNCTION OF RETORT 
L O C A T I O N . .  . . . , . . . . . . . . . . . . . . . . . . . . 
FIGURE 6 .  AVERAGE WEIGHT GAIN A S  A FUNCTION OF ALUMINIZING TEMPERATURE . . 
FIGURE 7. MICROSTRUCTURE OF TWO NICKEL-BASE CLADDING ALLOYS AFTER 
ALUMINIZING AT 1750 F. . . . . . . . . . . , . . . . . . . . . 
FIGURE 8. MICROSTRUCTURE OF TWO NICKEL-BASE CLADDING ALLOYS AFTER 
ALUMINIZING AT 1750 F AND HOMOGENIZING FOR 25 HOURS AT 2100 F. 
PERCENT W SAMPLE (4.5 WEIGHT PERCENT ALUMINUM) AFTER 100-HOUR 
CYCLIC OXIDATION A T  2300 F . . . . , . . . , . . . . . . . . . 
FIGURE I O .  MICROSTRUCTURE O F  ALUMINIZED NICKEL-BASE ALLOYS (4.5 WEIGHT 
PERCENT ALUMINUM) AFTER OXIDATION FOR 24 HOURS A T  2300 F . . . 
FIGURE 11. WEIGHT CHANGE DURING CYCLIC OXIDATION AT 2400 F. . . . . . . . . 
FIGURE 12. MICROSTRUCTURE OF ALUMINIZED N i - 2 0  WEIGHT PERCENT C r - 2 0  WEIGHT 
FIGURE 9. MICROSTRUCTURE OF ALUMINIZED N i - 2 0  WEIGHT PERCENT C r - 2 0  WEIGHT 
PERCENT W (4.5 WEIGHT PERCENT ALUMINUM) AFTER 24-HOUR OXIDATION 
A T  2400 F. . . . . . , . . . . . . . . . . . . . . . . . . . . 
AFTER HOMOGENIZING . . . . . . . . . . . . . . . . . . . . . 
"COMPATIBILITY LAYER") SAMPLES AFTER ALUMINIZING AND HOMOGEN- 
I Z I N G .  . . . . . . . . . . , . . . , . . . , . . . , . . . . . 
FIGURE 15. MICROSTRUCTURES OF SYSTEMS 7 AND 8 SAMPLES AS HOMOGENIZED. . . . 
FIGURE 16. MICROSTRUCTURES OF SYSTEMS 5 AND 6 SAMPLES AS HOMOGENIZED . . . 
FIGURE 17. APPEARANCE O F  OXIDATION SAMPLES AFTER 100-HOUR CYCLIC EXPOSURE 
A T  2100 F WITH 2-HOUR CYCLES . . . . . . . . . . . . . . . . . 
FIGURE 18. MICROSTRUCTURE OF TWO CLAD CHROMIUM SAMPLES AFTER CYCLIC 
OXIDATION EXPOSURE FOR 200 HOURS AT 2100 F . . . . . . . . . . 
FIGURE 19. MICROSTRUCTURE OF TWO CLAD CHROMIUM ALLOYS AFTER CYCLIC EXPOSURE 
FOR 100 HOURS AT 2100 F. , . . . . . . . . . . . . . . . . . 
FIGURE 20. APPEARANCE OF THE TUNGSTEN INTERFACIAL AREA OF SAMPLE I V - 1 ,  
SYSTEM +$,AFTER 100 HOURS' CYCLIC OXIDATION EXPOSURE. . . . . . 
FIGURE 21. APPEARANCE OF BARRIER LAYER I N  TWO SAMPLES AFTER CYCLIC OXIDATION 
A T 2 1 0 0 F . .  . . , . . . . . * .  . . , . . . . . . . . . . . , 
SYSTEM 1 2 ,  AFTER 100 HOURS' CYCLIC OXIDATION AT 2100 F . . . . 
100 HOURS, 1400 F FOR 100 HOURS, AND 2100 F FOR 60 HOURS . . . 
FIGURE 13. MICROSTRUCTURE OF SYSTEM 4 SAMPLE ( I V - 4 )  AFTER ALUMINIZING AND 
FIGURE 14. MICROSTRUCTURE OF SYSTEMS la (NO P t  LAYER) AND 2a ( 1 / 2 - M I L  PT 
FIGURE 22. APPEARANCE OF W - I  WEIGHT PERCENT T h o 2  BARRIER I N  SAMPLE X I I - 4 ,  
FIGURE 23. APPEARANCE OF SYSTEM l b  SAMPLE AFTER OXIDATION AT 2100 F FOR 
FIGURE 24. MICROSTRUCTURE OF SYSTEM l b  SAMPLE (1-19) AFTER CYCLIC OXIDATION 
FOR 600 HOURS AT 2100 F (20-HOUR CYCLES) . . . . . . . . . . . 
FIGURE 25. MICROSTRUCTURE OF SYSTEM 2b SAMPLE (11-20) AFTER CYCLIC OXIDATION 
FOR 600 HOURS AT 2100 F (20-HOUR CYCLES) . . . . . . . . . . . 
FIGURE 26. DEPENDENCE OF DEPTH O F  P I T T I N G  AND CONTAMINATION ON TIME OF 
OXIDATION A T  2100 F . . . . . . . . . , a , . . . . . . . . . 
FIGURE 27. MICROPROBE TRAVERSE I N  A SOUND REGION NEXT TO A CRACK I N  THE 
TUNGSTEN BARRIER O F  SAMPLE 1-5, SYSTEM la. . . . . . . . . , . 
FIGURE 28. MICROPROBE TRAVERSE THROUGH THE DISCONTINUITY I N  THE BARRIER 
LAYER OF SAMPLE 1-5, SYSTEM l a  . . . . . . . . . . . . . . . 
FIGURE 29. APPEARANCE OF THE SURFACE OF A SAMPLE FROM SYSTEM 4 ( I V - 1 1 )  AFTER 
50 HOURS' OXIDATION AT 2100 F. . . . . . . . . . . . . . . . . 
FIGURE 30. APPEARANCE OF OXIDATCON SAMPLES AFTER 100-HOUR CYCLIC EXPOSURE 
AT 2300 F WITH 2-HOUR CYCLES (UNLESS NOTED OTHERWISE). . . . . 
FIGURE 31. MICROSTRUCTURE OF SYSTEM lb SAMPLE AFTER CYCLIC OXIDATION FOR 
240 HOURS AT 2200 F USING 20-HOUR CYCLES (1-20). . . . . . . . 
18 
19 
20 
21  
24 
26 
27 
28 
30 
31 
32 
33 
40 
43 
44 
45 
46 
47 
50 
52 
53 
54 
56 
57 
60 
64 
67 
. 
FIGURE 32 . 
FIGURE 33 . 
FIGURE 34 . 
FIGURE 35 . 
FIGURE 36 . 
FIGURE 37 . 
FIGURE 38 . 
FIGURE 39. 
FIGURE 40 . 
FIGURE 41 . 
FIGURE 42 . 
FIGURE 43 . 
FIGURE 44 . 
FIGURE 45 . 
FIGURE 46 . 
FIGURE 47 . 
FIGURE 48 . 
FIGURE 49 . 
FIGURE 50 . 
FIGURE 51 . 
FIGURE 52 . 
FIGURE 53 . 
FIGURE 54 . 
FIGURE 55 . 
FIGURE 56 . 
FIGURE 57 . 
FIGURE 58 . 
FIGURE 59 . 
FIGURE 60 . 
FIGURE 6 1  . 
FIGURE 62 . 
LIST OF FIGURES ( con t inued)  
DEPENDENCE O F  DEPTH OF P I T T I N G  AND CONTAMINATION ON TIME O F  
APPEARANCE OF SAMPLES AFTER CYCLIC OXIDATION AT 2300 F FOR 
SOLUTION O F  W-25 WEIGHT PERCENT R e  BARRIER I N  A SYSTEM 5 
SAMPLE CYCLICALLY OXIDIZED FOR 10 HOURS AT 2300 F . . . . .  
SOLUTION O F  0.5 MIL TUNGSTEN BARRIER DURING CYCLIC OXIDATION 
A T 2 3 0 0 F  . . . . . . . . . . . . . . . . . . . . . . . . .  
N I T R I D I N G  O F  A SYSTEM l b  SAMPLE CYCLICALLY OXIDIZED 40 HOURS 
A T  2300 F (1.22) . . . . . . . . . . . . . . . . . . . . . .  
N I T R I D I N G  I N  A SYSTEM l b  SAMPLE CYCLICALLY OXIDIZED 40 HOURS 
A T 2 3 0 0 F  . . . . . . . . . . . . . . . . . . . . . . . . .  
TYPICAL LOAD-DEFLECTION CURVES . . . . . . . . . . . . . . . .  
MICROSTRUCTURE OF BEND SAMPLE 11-14 . . . . . . . . . . . . .  
STRUCTURE OF TENSION S I D E  O F  BEND SAMPLE . . . . . . . . . . .  
CHANGE I N  BEND TRANSITION TEMPERATURE AS A FUNCTION OF TIME 
OF OXIDATION EXPOSURE AT 2100 F . . . . . . . . . . . . . .  
PHOTOGRAPH OF SEVERAL BEND SAMPLES AFTER TESTING . . . . . . .  
ILLUSTRATION OF THE WRAP-AROUND CLADDING TECHNIQUE . . . . . .  
MICROSTRUCTURE OF SYSTEM l b  SAMPLE PREPARED BY THE WRAP- 
APPEARANCE OF SYSTEM l b  SAMPLE PREPARED BY WRAP-AROUND 
TECHNIQUE AND CYCLICALLY OXIDIZED FOR 100 HOURS A T  2100 F . 
VARIATION OF COMPOSITION I N  TUNGSTEN BARRIER OF SYSTEM l b  
SAMPLE AFTER CYCLIC OXIDATION AT 2100 F . . . . . . . . . .  
SURFACE APPEARANCE OF SYSTEM l b  SAMPLE AFTER CYCLIC OXIDATION 
AT 2100 F AND DECLADDING . . . . . . . . . . . . . . . . .  
SURFACE APPEARANCE OF SYSTEM 2b SAMPLE AFTER CYCLIC OXIDATION 
ANDDECLADDING . . . . . . . . . . . . . . . . . . . . . . .  
SURFACE APPEARANCE OF SYSTEM 11 SAMPLE AFTER CYCLIC OXIDATION 
AT 2300 F AND DECLADDING . . . . . . . . . . . . . . . . . .  
EFFECT OF METHOD OF YOKE REMOVAL ON EDGE CRACKING . . . . . .  
SURFACE APPEARANCE O F  SYSTEM 15 SAMPLE AFTER CYCLIC OXIDATION 
A T  2100 F AND DECLADDING . . . . . . . . . . . . . . . . . .  
MICROSTRUCTURE O F  SYSTEM 13 SAMPLES . . . . . . . . . . . . .  
MICROSTRUCTURE OF SYSTEM 14. A S  CLAD . . . . . . . . . . . . .  
MICROSTRUCTURE OF SYSTEM 14 SAMPLE AFTER 1oo-HOUR CYCLIC 
OXIDATION AT 2100 F . . . . . . . . . . . . . . . . . . . .  
MICROSTRUCTURE OF SYSTEM 15. A S  CLAD . . . . . . . . . . . . .  
MICROSTRUCTURE O F  SYSTEM 15 AFTER 100-HOUR CONTINUOUS 
OXIDATION A T  2300 F . . . . . . . . . . . . . . . . . . . .  
100 HOURS USING 2-HOUR CYCLES . . . . . . . . . . . . . . .  
AROUND TECHNIQUE (SAMPLE lb.3) . . . . . . . . . . . . . . .  
OXIDATION A T  2100 F . . . . . . . . . . . . . . . . . . . .  
OXIDATION A T  2100 F . . . . . . . . . . . . . . . . . . . .  
EXPOSURE I N  ARGON (2-HOUR CYCLES) 
MICROSTRUCTURE O F  SYSTEM 15 SAMPLE AFTER 100-HOUR CYCLIC 
MICROSTRUCTURE O F  CHROMIUM-TUNGSTEN ALLOY AFTER THERMAL . . . . . . . . . . . . .  
BONDING FIXTURE AND SELECTED COMPONENTS USED TO FABRICATE A 
PROTOTYPE EROSION BAR . . . . . . . . . . . . . . . . . . .  
BONDING CONTAINER SHOWING SELECTIVE COLLAPSE O F  T H I N  COVER . . 
METALLOGRAPHIC SECTION SHOWING GOOD COVERAGE AND BONDING O F  
1-1/2-MIL W A N D  5-MIL N i - 2 0 C r - 2 0 W  CLADDING F O I L S  . . . . . .  
EROSION BAR T E S T  SAMPLE . . . . . . . . . . . . . . . . . . .  
Page 
69 
70 
73 
74 
75 
76 
77 
82 
83 
85 
89 
95 
98 
99 
101 
103 
104 
105 
106 
112 
114 
115 
116 
118 
119 
120 
124 
127 
129 
130 
131 
DEVELOPMENT OF PROTECTIVE COATINGS 
FOR CHROMIUM-BASE ALLOYS 
D. N. Wil l iams,  R. H. E r n s t ,  C. A. MacMillan, 
J. J. Eng l i sh ,  and E. S. Bartlett  
Bat te l le  Memorial I n s t i t u t e  
Columbus L a b o r a t o r i e s  
A s tudy  o f  metal c l add ing  a s  a means of p r o t e c t i n g  a chromium-5 tungs ten+ 
a l l o y  from o x i d a t i a n  and contaminat ion  d u r i n g  c y c l i c  exposure  a t  2100 and 2300 F 
was performed. 
by gas -p res su re  bonding of t h e  d e s i r e d  me ta l  f o i l s  t o  t h e  chromium a l l o y .  
A number of c l a d d i n g  systems were examined, a l l  o f  which were a p p l i e d  
Three o u t e r  c l add ing  l a y e r s  were examined, a luminized N i - 3 0 C r Y  aluminized 
Ni-20Cr-20W, and N i - 3 O C r .  Aluminum was added a f t e r  gas -p res su re  bonding by a pack 
cementa t ion  p rocess  fo l lowed by a homogenization h e a t  t r ea tmen t .  Approximately 5 
p e r c e n t  aluminum was added t o  t h e  n i cke l -base  a l l o y s .  A l l  t h r e e  o u t e r  c l add ing  
l a y e r s  were adequa te ly  o x i d a t i o n  r e s i s t a n t  a t  2100 F. For  o x i d a t i o n  a t  2300 F, 
a l u m i n i z i n g  p e r m i t t e d  a 5-mil  c l add ing  l a y e r  t o  b e  used ,  w h i l e  a 1 0 - m i l  l a y e r - o f  
nonaluminized N i - 3 0 C r  was needed. 
To p r e v e n t  r a p i d  i n t e r d i f f u s s i o n  of  n i c k e l  and chromium, a b a r r i e r  l a y e r  
was p laced  between t h e  chromium a l l o y  and t h e  o u t e r  c l a d d i n g  l a y e r .  B a r r i e r  l a y e r s  
examined inc luded  tungs t en ,  tungs ten-25  rhenium, tungs t en -1  t h o r i a ,  and molybdenum. 
The b a r r i e r  l a y e r  t h i c k n e s s  ranged from 0.5 t o  2 .0  m i l s .  Molybdenum and tungs ten-  
25 rhenium were n o t  u s e f u l ,  t h e  former due  t o  compound format ion  and f r agmen ta t ion  
du r ing  c y c l i n g  and t h e  l a t te r  due t o  r a p i d  s o l u t i o n  i n  t h e  c l add ing  a l l o y .  Some 
s o l u t i o n  of una l loyed  tungs t en  w a s  a l s o  observed.  Both t h e  tungs t en  and  tungs ten-  
1 t h o r i a  developed c r a c k s  d u r i n g  t h e  c y c l i c  o x i d a t i o n ,  a p p a r e n t l y  as a r e s u l t  of 
thermal  f a t i g u e .  Contaminat ion of  t h e  b a s e  metal appea r s  t o  occur  predominant ly  
a t  such  c racks .  
S e v e r a l  of t h e  systems inc luded  c o m p a t i b i l i t y  l a y e r s  between t h e  n i c k e l -  
b a s e  a l l o y  and t h e  b a r r i e r  l a y e r .  
vanadium was a l s o  inc luded  i n  one system. P la t inum had no b e n e f i c i a l  e f f e c t .  
Moreover, i t  appeared t o  i n c r e a s e  t h e  s o l u t i o n  ra te  of  tungs t en  b a r r i e r s .  Vana- 
dium was ext remely  d e t r i m e n t a l  i n  t h a t  i t s  p resence  r e s u l t e d  i n  t h e  format ion  of a 
l i q u i d  ox ide  a t  2300 F and r a p i d  c l add ing  f a i l u r e .  
P la t inum was used most f r e q u e n t l y ,  a l though  
None of t h e  systems al lowed f u l l  r e t e n t i o n  of  bend d u c t i l i t y  a f t e r  expo- 
s u r e  a t  e i t h e r  2100 o r  2300 F. A f t e r  100 hours  c y c l i c  o x i d a t i o n  a t  2300 F ,  n i t r i d e s  
were p r e s e n t  th roughout  t h e  chromium-5 tungs t en  sample t h i c k n e s s  (-60 m i l s )  and 
+;Alloy composi t ions  a r e  r e p o r t e d  i n  weight  p e r c e n t  throughout  t h i s  r e p o r t .  For  
example,  Cr-5W i n d i c a t e s  a chromium-base a l l o y  c o n t a i n i n g  5 weight  p e r c e n t  tungs ten .  
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metall ic contaminat ion  was e v i d e n t  t o  a dep th  of about  7 m i l s  below t h e  c l add ing  
l a y e r .  N i t r i f i c a t i o n  o f  t h e  s u b s t r a t e  a f t e r  2300 F exposure  may be d u e , i n  whole 
o r  i n  p a r t ,  t o  mechanical  f a i l u r e  of t h e  c l add ing  a t  t h e  edges o f  t h e  tes t  s p e c i -  
mens. A f t e r  100 hours  a t  2100 F, no n i t r i d e s  were p r e s e n t ,  bu t  m e t a l l i c  contam- 
i n a t i o n  extended t o  a dep th  of 2 m i l s .  Sa-mples exposed a t  2300 F were b r i t t l e  i n  
bend tests a t  1600 F, and none of t h e  samples exposed a t  2100 F showed d u c t i l i t y  
below 1000 F. The chromium a l l o y  was found t o  l o s e  d u c t i l i t y  d u r i n g  c y c l i c  expo- 
s u r e  i n  a rgon  and t h i s  f a c t o r  may a l s o  have c o n t r i b u t e d  t o  t h e  l o s s  i n  bend pro-  
p e r t i e s  d u r i n g  c y c l i c  o x i d a t i o n .  
The f a i l u r e  of  t h e  c l add ing  systems t o  r e s u l t  i n  r e t e n t i o n  of  s u b s t r a t e  
d u c t i l i t y  was most probably  due  t o  d i f f u s i o n  of contaminat ing  m a t e r i a l  through t h e  
b a r r i e r  l a y e r .  Both d i f f u s i o n  of n i c k e l  i n t o  t h e  chromium a l l o y  from t h e  c l add ing  
and chromium i n t o  t h e  c l add ing  from t h e  a l l o y  are i n d i c a t e d  by t h e  expe r imen ta l  
measurements and appear  t o  be c o n t r i b u t i n g  t o  poor  bend d u c t i l i t y .  I f  s o ,  i t  may 
be  p o s s i b l e  t o  d e s i g n  improved sys tems r e s i s t a n t  t o  t h i s  f a i l u r e  mechanism. The 
b a r r i e r  l a y e r  appea r s  t o  be  t h e  c r i t i c a l  component i n  a s u c c e s s f u l  system. Addi- 
t i o n a l  s t u d i e s  t o  improve t h e  e f f e c t i v e n e s s  of t h e  b a r r i e r  l a y e r  a re  recommended. 
The most promis ing  of  t h e  systems examined con ta ined  an  a luminized  (5 
percent$ Ni-20Cr-20W c ladd ing  l a y e r  5 m i l s  t h i c k  and a 1 .5 -mi l - th i ck  una l loyed  
t u n g s t e n  b a r r i e r  l a y e r .  Th i s  c l add ing  system was a p p l i e d  t o  chromium-5 tungs t en  
e r o s i o n  b a r s  f o r  t e s t i n g  by NASA-Lewis Research Center .  
IWTRODUCTI ON 
Chromium-base a l l o y s  a r e  cons ide red  promis icg  f o r  u se  a s  vane and b l a d e  
m a t e r i a l s  i n  advanced a i r - b r e a t h i n g ,  g a s - t u r b i n e  eng ines .  The s t r e n g t h  of chro-  
mium-base a l l o y s  i s  adequa te  f o r  a p p l i c a t i o n  a t  t empera tures  as h igh  as 2400 F, 
cons ide rab ly  above t h e  upper  s e r v i c e  tempera ture  l i m i t  of  s u p e r a l l o y s .  Although 
t h e  s t r e n g t h  of chromium-base a l l o y s  i s  not  main ta ined  t o  a s  h igh  a tempera ture  a s  
t h e  s t r e n g t h  of t u n g s t e n ,  molybdenum, tan ta lum,  and columbium a l l o y s ,  chromium 
a l l o y s  a r e  no t  s u b j e c t  t o  c a t a s t r o p h i c  o x i d a t i o n  o r  r a p i d  embr i t t l emen t  by oxygen 
contaminat ion  which p l ague  t h o s e  r e f r a c t o r y  m e t a l s ,  
While t h e  chromium-base a l l o y s  show r e s i s t a n c e  t o  c a t a s t r o p h i c  oxida- 
t i o n ,  t h e i r  o x i d a t i o n  r e s i s t 8 n c e  i s  not s u f f i c i e n t  t o  pe rmi t  t h e i r  u s e  a t  t e m -  
p e r a t u r e s  a s  h igh  a s  2400 F, unpro tec t ed ,  Also,  a b s o r p t i o n  of n i t r o g e n  occur s  
q u i t e  r a p i d l y  a t  e l e v a t e d  t empera tu res ,  and n i t r o g e n  contaminat ion  can l e a d  t o  
embr i t t l emen t .  Although i t  i s  concluded t h a t  a p r o t e c t i v e  c o a t i n g  w i l l  be  
r e q u i r e d  f o r  chromium-base a l l o y s  exposed t o  tempera tures  approaching 2400 F,  
d e f e c t s  i n  t h e  c o a t i n g  a re  n o t  expec ted  t o  r e s u l t  i n  c a t a s t r o p h i c  ox ida t ion .  
T h e r e f o r e , t h e  development of a u s e f u l  c o a t i n g  system f o r  chromium-base a l l o y s  
shou ld  be  less d i f f i c u l t  t han  f o r  o t h e r  r e f r a c t o r y  me ta l  a l l o y s .  
Vanes and b l ades  o p e r a t i n g  i n  g a s - t u r b i n e  engines  a r e  s u b j e c t  t o  s e v e r e  
thermal  shock ,  impact  and e r o s i o n  by h i g h - v e l o c i t y  p a r t i c l e s ,  and t o  complex 
stresses. A d u c t i l e  c o a t i n g  i s  expec ted  t o  b e s t  w i t h s t a n d  t h e s e  s e r v i c e  condi- 
t i o n s ,  
f a c t u r e ,  The d e s i r a b i l i t y  o f  ma in ta in ing  good d u c t i l i t y  i n  a n  o x i d a t i o n  resis- 
t a n t  c o a t i n g  s u g g e s t s  t h a t  m e t a l l i c  c l a d d i n g  i s  t h e  most promising method f o r  
D u c t i l i t y  a t  room tempera ture  would a l s o  f a c i l i t a t e  assembly d u r i n g  manu- 
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protecting chromium-base alloys in the gas-turbine environment. A bonded over- 
layer of a protective cladding may also allow rough handling of what may be other- 
wise a notch-sensitive substrate material, 
The objective of the present program was to develop a metallic cladding 
system which would protect chromium-base alloys from oxidation and contamination 
at elevated temperatures. 
under cyclic temperature conditions is desired. 
Protection for up to 600 hours at temperatures to 2400 F 
The bulk of the studies described in this report were conducted during 
the period from June 22, 1965, through April 21, 1967. The program was extended 
through December 31, 1967, to permit further definition of cladding problems dis- 
covered in the primary investigation. The results of this additional work are 
appended to the present report as a section entitled Specialized Studies which 
begins on page 91 . 
SELECTION OF CLADDING SYSTEMS 
A cladding system capable of protecting chromium from both oxidation and 
nitrogen absorption during service at temperatures up t o  2400 F was sought. It 
was desired that the cladding system also be ductile over the temperature range 
from 75 to 2400 F. These requirements limited the useful cladding alloys to cer- 
tain oxidation-resistant platinum-group metals, iron-chromium-aluminum alloys, and 
nickel-chromium alloys, 
The usefulness of platinum-group metals as cladding materials for refrac- 
tory metals was under investigation elsewhere(l~~,~)and was , therefore, not exam- 
ined in the present program. It was considered that if the results of the cited 
studies proved sufficiently attractive the information could be readily adapted to 
the development of cladding systems for chromium. 
alloys possess excellent oxidation resistance at 2400 F(4), but they are susceptible 
to embrittlement during oxidation at high temperatures. 
tlement suggested that these alloys were of questionable use when ductility after 
oxidation exposure was required. Nickel-chromium alloys have excellent oxidation 
resistance up to 2300 F and are not susceptible to embrittlement during oxidation 
They show greatly reduced oxidation resistance between 2300 and 2400 F, ho~ever(~1. 
Despite their poor oxidation resistance at 2400 F, it was concluded that oxidation 
resistance could be improved by minor alloy modification and that the nickel- 
chromium alloys showed the most promise for meeting the program objectives, 
nickel-chromium alloys were selected for study in this program. 
commercial alloy, Tophet 30, which is basically Ni-30Cr. This alloy is considered 
to be one of the most oxidation resistant binary nickel-chromium alloys. 
second alloy select d was an experimental Ni-20Cr-20W alloy developed in an earlier 
probable that this alloy, as a result of the presence of tungsten, would also show 
lower thermal expansion and lower permeability by interstitials than other nickel- 
chromium alloys. 
The iron-chromium-aluminum 
This tendency toward embrit- 
Two 
The first was a 
The 
program at Battelle 7 6 )  . It has relatively good oxidation resistance, and it was 
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P r o s p e c t i v e  u s e  of n i cke l -base  a l l o y s  as c l add ing  materials a t  2400 F 
prompted improvement of t h e i r  o x i d a t i o n  r e s i s t a n c e .  S i n c e  aluminum is  known t o  
s i g n i f i c a n t l y  improve t h e  o x i d a t i o n  r e s i s t a n c e  of  nickel-chromium a l l o y d 5  J 7 3 9 )  , 
a d d i t i o n  of aluminum t o  t h e  nickel-chromium o r  nickel-chromium-tungsten a l l o y s  
appeared  d e s i r a b l e .  1 
The nickel-chromium-aluminum phase  r e l a t i o n s h i p s  a t  2100 F are shown i n  
F i g u r e  d8J9). About 8 p e r c e n t  aluminum i s  s o l u b l e  i n  N i - 3 0 C r  a t  2100 F. A t  
1560 F, t h e  s o l u b i l i t y  i s  o n l y  about  5 pe rcen t .  S e c t i o n s  from t h e  Ni -W-Cr -A1  
q u a t e r n a r y  diagram and t h e  Ni -Cr -W t e r n a r y  diagram are shown i n  F i g u r e  2(10~11). 
It i s  seen  t h a t  t h e  Ni-20Cr-20W a l l o y  i s  s i n g l e  phase  above about  1800 F. The 
a d d i t i o n  of about  7 p e r c e n t  aluminum t o  Ni-20Cr-20W reduces  t h e  s o l u b i l i t y  of 
t u n g s t e n  i n  t h e  matrix phase ,  l e a d i n g  t o  t h e  p re sence  of  t u n g s t e n  phaee ( ~ 2 )  i n  
t h e  a l l o y  a t  201-0 F. However, t h e  phase  diagram s u g g e s t s  t h a t  i n t e r m e t a l l i c  
nickel-aluminum phase  would n o t  b e  p r e s e n t  i n  a Ni-20Cr-20W-7 ( o r  less) A 1  a l l o y .  
It w a s  concluded from t h e  pub l i shed  phase  r e l a t i o n s h i p s  t h a t  as much as 
5 p e r c e n t  aluminum could be  added t o  b o t h  N i - 3 0 C r  and Ni-20Cr-20W w i t h o u t  forma- 
t i o n  of a n  e m b r i t t l i n g  second phase.  
o x i d a t i o n  r e s i s t a n c e  s u f f i c i e n t l y  t o  make t h e  a l l o y s  u s e f u l  a t  2400 F. I n  o r d e r  
t o  avoid  f a b r i c a t i o n  problems, and a l s o  t o  deve lop  a somewhat h ighe r  aluminum con- 
t e n t  nea r  the s u r f a c e ,  vapor phase  d e p o s i t i o n  of t h e  aluminum on t h e  c l a d  component 
fol lowed by a homogenizat ion a n n e a l  t o  d i f f u s e  t h e  aluminum i n t o  t h e  n i cke l -base  
c l add ing  a l l o y  w a s  cons ide red  t h e  most a t t r a c t i v e  procedure.  P r e l i m i n a r y  s t u d i e s  
showed t h a t  as much as 5 p e r c e n t  aluminum could be  r e a d i l y  a l l o y e d  i n  Ni-30Cr o r  
Ni-20Cr-20W by t h i s  procedure.  
It was hoped that  t h i s  a d d i t i o n  would b e n e f i t  
A t  e l e v a t e d  t empera tu res ,  n i c k e l  and chromium have h i g h  mutual  s o l u b i l i -  
t i es ,  and e x t e n s i v e  i n t e r d i f f u s i o n  might  b e  a n t i c i p a t e d .  
of chromium i n  a Ni-20Cr a l l o y  a t  2300 F h a s  been determined as 7 x 10' cm2/sec(12! 
Chromium d i f f u s i o n  i n t o  t h e  Ni-base a l l o y s  could b e  q u i t e  e x t e n s i v e ,  and presumably,  
n i c k e l  d i f f u s i o n  i n t o  t h e  chromium-base a l l o y  would be  r e l a t i v e l y  r a p i d  a l s o .  This  
sugges ted  t h e  need f o r  a d i f f u s i o n  b a r r i e r  between t h e  chromium a l l o y  and t h e  c l a d -  
d i n g  a l l o y .  
tungs ten .  
sugges t ing  t h a t  d i f f u s i o n  of t u n g s t e n  i n  chromium may be  r e l a t i v e l y  low a t  2400 F 
and below, 
i n t e r d i f f u s i o n  rates of chromium and t u n g s t e n  were s imi l a r .  Furthermore,  s l i g h t  
t u n g s t e n  d i f f u s i o n  should  n o t  be  d e t r i m e n t a l  s i n c e  t h e  chromium-base a l l o y  o f  p r i -  
mary i n t e r e s t  c o n t a i n s  5 p e r c e n t  t ungs t en .  
The d i f f u s i o n  c o e f f i c i e n t  
The most promis ing  d i f f u s i o n  b a r r i e r  material was cons ide red  t o  be  
It has  been r e p o r t e d  t h a t  a t  3100 F (1700 C) t h e  i n t e r d i f f u s i o n  zone 
between t u n g s t e n  and chromium w a s  o n l y  7 m i l s  t h i c k  a f t e r  1 hour  exposure  (13) , 
No p o r o s i t y  was formed a t  t h e  i n t e r f a c e ,  which sugges ted  t h a t  t h e  
The d i f f u s i o n  of t ungs t en  i n t o  t h e  N i - 3 0 C r  o r  Ni-20Cr-20W was cons ide red  
a p o t e n t i a l l y  g r e a t e r  problem t h a n  i t s  d i f f u s i o n  i n t o  chromium, 
l i t t l e  w a s  known about  d i f f u s i o n  k i n e t i c s .  
a second phase  would b e  s t a b i l i z e d ,  and embr i t t l emen t  might be  developed,  Thermal 
expans ion  d i f f e r e n c e s  between the t u n g s t e n  b a r r i e r  l a y e r  and t h e  n icke l -base  c l ad -  
d i n g  a l l o y  a l s o  appeared t o  b e  a p o t e n t i a l  s o u r c e  of t roub le .  A l t e r i n g  t h e  i n t e r -  
f a c e  r e g i o n  between t h e  t u n g s t e n  b a r r i e r  and t h e  n i c k e l  c l add ing  a l l o y  by p r o v i d i n g  
a l a y e r  of p l a t inum w a s  cons ide red  as a p o s s i b l e  method of overcoming t h e s e  pro-  
blems because  of (1) s u p r e s s i o n  of t h e  t endenc ie s  t o  form i n t e r m e t a l l i c  phases  
d u r i n g  service,  and (2) thermal  expansion (of plat inum) i n t e r m e d i a t e  between chro- 
mium ( o r  t ungs t en )  and t h e  n i c k e l  a l l o y  c l ad .  
as a c o m p a t i b i l i t y  l aye r .  The u s e f u l n e s s  of vanadium as a c o m p a t i b i l i t y  l a y e r  w a s  
a l s o  examined b r i e f l y .  
I n  t h i s  case, 
A s  t u n g s t e n  d i f f u s e d  i n t o  e i t h e r  a l l o y ,  
Th i s  p l a t inum l a y e r  is  r e f e r r e d  t o  
5 
2100 F 
P, = NiAl 
Y = Ni,Al 
a = Cr solid solution 
Y = Ni solid solution 
------= y Phase boundary at 1560F 
Ni IO 20 30 
Aluminum , weight percent A* 57357 
FIGURE 1 .  THE Ni-Cr-A1 PHASE DIAGRAM(8,9) 
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y = Ni solid solution 
p = Ni,W (stable to -1780 F) 
= Cr solid solution 
Ni IO 20 30 40 
a. Tungsten, weight percent 
Ni IO 20 40 
b. Tungsten Plus Aluminum, weight percent 
( W : A l  ratio =3: I ) A.57358 
FIGURE 2. Ni-Cr-W AND Ni-Cr-W-A1 PHASE DIAGRAMS(10, ''1 
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Although unal loyed  t u n g s t e n  w a s  i n i t i a l l y  cons ide red  as the most pro- 
mis ing  b a r r i e r  material, a l t e r n a t e  materials were b r i e f l y  eva lua ted  on t h e  b a s i s  
of e a r l y  r e s u l t s .  
una l loyed  molybdenum. 
These inc luded  two t u n g s t e n  a l l o y s ,  W-25Re and W-lTh02, and 
A summary of t h e  c l a d d i n g  sys tems s e l e c t e d  f o r  s t u d y  i s  g iven  i n  Table  1. 
A l l  systems were e v a l u a t e d  on a Cr-5W-O.1Y a l l o y  base.  
MATERIALS 
The Cr-5W-O.1Y a l l o y  used i n  t h i s  i n v e s t i g a t i o n  w a s  prepared  by t h e  
Genera l  E l e c t r i c  Company, Re f ra  t o r y  Metals P l a n t ,  Cleve land ,  Ohio, as p a r t  of a 
v ided  f o r  t h i s  s t u d y  are g iven  i n  Table  2. The s h e e t  from Lot  58-100 proved t o  
be  ex t remely  d i f f i c u l t  t o  hand le  s i n c e  i t  cracked q u i t e  r e a d i l y  d u r i n g  sample pre-  
p a r a t i o n .  A s  a r e s u l t ,  v e r y  l i t t l e  o f  t h i s  material w a s  used i n  t h e  program. Lot  
64-100 was used most e x t e n s i v e l y ,  and u n l e s s  s t a t e d  o the rwise ,  a l l  samples desc r ibed  
i n  t h i s  r e p o r t  were prepared  from s h e e t  from Lo t  64-100. 
s e p a r a t e  NASA-supported program h 4 )  . Analyses  of t h e  t h r e e  l o t s  of material pro-  
With t h e  excep t ion  of t h e  Ni-20Cr-20W a l l o y ,  which was arc  mel ted  and 
f a b r i c a t e d  t o  s h e e t  a t  Bat te l le ,  t h e  c l add ing  materials were purchased from com- 
mercial s u p p l i e r s .  The materials used i n  p r e p a r i n g  t h e  c l a d  samples are  desc r ibed  
i n  Tab le  3. 
EXPERIMENTAL PROCEDURES 
Gas-Pressure Bonding 
Samples f o r  e v a l u a t i o n  were p repa red  by assembly of t h e  v a r i o u s  compo- 
n e n t s  and gas -p res su re  bonding. 
Chromium a l l o y  sample s i z e s  b e f o r e  c l a d d i n g  were e i t h e r  1/16 x 1 x 1 
Machining of t h e  1/16- 
I n i t i a l  a t t e m p t s  t o  edge 
Edge c rack ing  was e s p e c i a l l y  
i n c h ,  1/16 x 1 x 2 i n c h e s ,  o r  1 /16  x 3/4 x 3-1/2 inches.  
i n c h  chromium a l l o y  s h e e t  p r e s e n t e d  a major  problem. 
g r i n d  t h e  s h e e t  t o  s i z e  produced some edge cracks.  
severe i n  material from Lot  58-100. Cracking w a s  minimized by f i r s t  rough c u t t i n g  
t h e  s h e e t  samples t o  s i z e  u s i n g  a s o f t  cu t -o f f  wheel fol lowed by c a r e f u l  g r i n d i n g  
t o  f i n i s h  dimensions.  The samples were edge ground i n  packs of about  f i f t e e n  sam- 
p l e s  w i t h  mi ld  steel  shims between each  sample. To p r e v e n t  microcracking ,  i t  w a s  
found t h a t  on ly  0.0002-inch p e r  p a s s  could  be  removed u s i n g  a s i l i c o n  c a r b i d e  
g r i n d i n g  wheel and water coo lan t .  
shown by dye p e n e t r a n t  i n s p e c t i o n  and microscopic  examinat ion.  
c r ack - f r ee  bend samples were used. 
a uni form ground f i n i s h .  
was l o n g i t u d i n a l  t o  minimize s c r a t c h  e f f e c t s .  
This  procedure  e l i m i n a t e d  most edge c r a c k s  as 
Only comple te ly  
The major s u r f a c e s  were a l s o  ground t o  p rov ide  
The g r i n d i n g  d i r e c t i o n  i n  the 3/4 x 3-1/2-inch samples 
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TABLE 1. CLADDING SYSTEMS SELECTED FOR STUDY 
Compa t i b i li t y 
Sys tem Barrier Layer(5) Layer Cladding Layer(5) Aluminized(') 
la 0.5 mil W 
lb 1.5 mil W 
2a 0.5 mil W 
2b 1.5 mil W 
2c 1.0 mil ~(3) 
3 0.5 mil W 
4 0.5 mil W 
5 1,O mil W-25Re 
6 1.0 mil W-25Re 
7 1.0 mil ~(3) 
8 0.5 mil d 
9 1.5 mil W 
10 2.0 mil Mo 
11 1.5 mil W 
12 2.0 mil W-lTh02 
None 
None 
0.5 mil Pt 
0.5 mil Pt 
1.0 mil pt(3) 
0.5 mil Pt 
0.5 mil Pt 
0.5 mil Pt 
0.5 mil Pt 
1.0 mil ~t(3) 
1.0 mil V 
0.5 mil Pt 
0.5 mil Pt 
None 
None 
5 mil Ni-20Cr-20W 
5 mil Ni-20Cr-20W 
5 mil Ni-20Cr-20W 
5 mil Ni-20Cr-20W 
5 mil Ni-20Cr-20W 
5 or 10 mil Ni-30Cr(2) 
5 mil Ni-30Cr 
5 mil Ni-30Cr 
5 mil Ni-30Cr 
5 mil Ni-3OCr 
5 mil Ni-30Cr 
5 mil Ni-20Cr-20W 
5 mil Ni-20Cr-20 
5 mil Ni-20Cr-20W 
10 mil Ni-30Cr( 44: 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
(1) From 3 to 5 percent by weight aluminum was added to the cladding by pack 
aluminizing and subsequent annealing to homogenize the aluminum distribution. 
(2) 5-mil cladding used for 2100 F oxidation exposure, two 5-mil layers used for 
2300 F oxidation exposure. 
(3) Two 0.5-mil layers were used to give a total thickness of 1.0 mil. 
( 4 )  Two 5-mil layers. 
(5) All alloy compositions in weight percent. 
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TABLE 2. ANALYSIS AND BEND PROPERTIES CHROMIUM-BASE 
ALLOYS REPORTED BY SUPPLIER( 1 8  
Lot  No. 58-100 
Form 1/16-inch s h e e t  
A n a l y s i s ,  w t .  p e r c e n t  
Tungsten 4.86 
Y t t rium 0.07 
S u l f u r  0.0020 
Phosphorus <o. 0010 
Carbon 0.0080 
Oxygen 0.0080 
Ni t rogen  0.0045 
Hydro g e n 0.0001 
4T Bend T r a n s i t i o n  Temp., F 
Long i tud ina l  985 
Transve r se  1065 
64-100 
1/16-inch s h e e t  
4.82 
0.11 
0.0050 
0.0010 
0.0080 
0.0050 
0,0035 
0.0008 
435 
48 0 
67-100 
1/16-inch s h e e t  
4.90 
0.12 
0.0070 
0.0020 
<o. 0010 
0.0041 
0.0030 
0.0005 
300 
6 15 
TABLE 3 .  CLADDING MATERIALS 
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Ma t er i a  1 ( '1 Thickness  Source  
Tungs t e n  
W-25Re 
W- 1 Tho2 
Molybdenum 
Vanadium 
Pla t inum 
Tophet 30 ( N i - 3 0 C r )  
Ni-20Cr-20W 
Barrier Layers  
0.5 m i l  Henry Cross  Metals 
1.5 m i l  Wah Chang Corpora t ion  and 
Henry Cross Metals 
1 m i l  
2 m i l  Henry Cross  Metals 
2 m i l  Fans tee1 
Chase Brass & Copper Company 
C o m p a t i b i l i t y  Layers  
1 m i l  Vanadium Corp. of America 
0.5 m i l  Baker P la t inum Div i s ion ,  
Engelhard I n d u s t r i e s ,  I n c .  
Cladding Layers  
5 m i l  Wilber B. Driver Company 
5 m i l  Bat te l le  Memorial I n s t i t u t e  
(1) A l l  composi t ions i n  weight  pe rcen t .  
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Edge p r o t e c t i o n  of t h e  chromium samples w a s  provided  by a p i c t u r e  frame 
of Ni-30Cr a l l o y  which w a s  machined t o  f i t  t h e  chromium sample and t o  p rov ide  
1 /8- inch  edge p r o t e c t i o n  on a l l  f o u r  edges of each sample. 
s e l e c t e d  t o  avo id  t h e  problems involved  i n  uni formly  c l a d d i n g  a l l  s u r f a c e s  of t h e  
specimens d u r i n g  t h e  p r e l i m i n a r y  e v a l u a t i o n  s t a g e  of t h e  program and was subse-  
q u e n t l y  used throughout  t h e  program excep t  f o r  t h e  work r e p o r t e d  as s p e c i a l i z e d  
s tudy.  The major  s u r f a c e s  of t h e  samples were c l a d  w i t h  t h e  components l i s t e d  i n  
Tab le  1. I n  t h e  f i r s t  samples prepared ,  a b a r r i e r  l a y e r  of t u n g s t e n  w a s  n o t  
p l a c e d  between t h e  edges and t h e  N i - 3 0 C r  p i c t u r e  frame. However, t h i s  r e s u l t e d  
i n  excessive edge d i f f u s i o n  and c l add ing  f a i l u r e s  over  t h e  s u b s t r a t e - p i c t u r e  frame 
j u n c t u r e s .  A t u n g s t e n  b a r r i e r  w a s  used t o  p r o t e c t  t h e  edges of specimens subse-  
q u e n t l y  prepared. A s e c t i o n  through a t y p i c a l  pack assembly i s  shown i n  F i g u r e  3. 
A s  shown i n  t h i s  f i g u r e ,  t h e  n icke l -base  c l add ing  a l l o y  w a s  c u t  t o  f i t  over  t h e  
p i c t u r e  frame. The barrier l a y e r ,  and c o m p a t i b i l i t y  l a y e r  when p r e s e n t ,  were c u t  
t o  t h e  s i z e  of t h e  chromium a l l o y  sample. The e n t i r e  assembly w a s  enc losed  i n  a 
s teel  c o n t a i n e r  f o r  gas -p res su re  bonding. A molybdenum f o i l  b a r r i e r  l a y e r  w a s  
used between t h e  n i cke l -base  c l add ing  a l l o y  and t h e  steel  can t o  p reven t  i r o n  and 
carbon contaminat ion  of t h e  c l add ing  d u r i n g  gas -p res su re  bonding, 
photograph showing t h e  components of a t y p i c a l  1/16 x 31’4 x 3-1/2-inch sample 
assembly. 
This  procedure  was 
F i g u r e  4 i s  a 
P r i o r  t o  assembly,  t h e  components were chemica l ly  c leaned  i n  t h e  s o l u -  
t i o n s  l i s t e d  i n  Table  4 ,  degreased  i n  methyl-ethyl-ketone,  and r i n s e d  i n  ace tone  
and a l c o h o l .  
l a y e r s  were t a c k  welded t o  t h e  chromium a l l o y  sample b e f o r e  assembly. 
To avo id  s h i f t i n g  i n  t h e  pack assembly, t h e  b a r r i e r  and c o m p a t i b i l i t y  
A f t e r  assembly , the  steel  can was welded s h u t  i n  a vacuum chamber. 
The s teel  can  and molybdenum b a r r i e r  l a y e r  were removed 
The 
welded assembly w a s  t hen  gas -p res su re  bonded a t  2150 F u s i n g  a 10,000 p s i  i s o s t a -  
t i c  p r e s s u r e  f o r  2 hours .  
a f t e r  bonding by l e a c h i n g  i n  a n i t r i c  a c i d  s o l u t i o n .  The edges of t h e  p i c t u r e  
frame were then  ground t o  a uniform r a d i u s .  
Aluminum Modi f i ca t ion  
I n  o r d e r  t o  improve t h e  o x i d a t i o n  r e s i s t a n c e  of t h e  n i cke l -base  c l add ing  
a l l o y s  by adding  4 t o  6 p e r c e n t  aluminum w h i l e  r e t a i n i n g  room tempera ture  d u c t i l i t y ,  
a pack a luminiz ing-cementa t ion  p rocess  was s e l e c t e d .  
developed u s i n g  1 0 - m i l  samples of t h e  c l a d d i n g  a l l o y ,  adding  aluminum from b o t h  
s i d e s .  
5 - m i l  c l add ing  a l l o y  from one s i d e .  
Cementation t echn iques  were 
This  procedure  s imula t ed  t h a t  a n t i c i p a t e d  i n  subsequent  a lumin iz ing  of t h e  
Aluminizing procedures  used i n  t h e s e  s t u d i e s  were as fo l lows:  
(1) Acid c l e a n  t h e  sample i n  50 volume p e r c e n t  HNO3 aqueous 
s o l u t i o n ,  r i n s e  i n  water, ace tone ,  and h o t  t r i c h l o r o e t h y l e n e  
vapor .  
(2) P l a c e  sample i n  a g r a p h i t e  box c o n t a i n i n g  a mix tu re  of 
1 weight  p e r c e n t  -200 mesh aluminum powder, 1 weight  
p e r c e n t  N a C 1 ,  and 98 weight  p e r c e n t  A1203 (-100, +200 mesh). 
12 
Ni -al loy cladding layer 
Steel can Compatibility layer \ 
I Chromium a1 loy I Barrier layer 
Mo - fo i l  barrier Ni- 30Cr picture f rame 
A 5 7 3 5 9  
FIGURE 3 .  SECTION THROUGH A PACK ASSEMBLY - NOT TO SCALE 
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TABLE 4, CLEANING SOLUTIONS FOR COMPONENTS 
OF CLADDING SYSTEMS 
Material, - Solution, 
weight percent volume percent Temp., F 
W 45 HF-20 HNO3-35 H20 75 
W-lTh02 1 1  11 
Mo Organic solvent only - 
1 1  W-25Re Ditto 
Pt 
v 
Ditto 
I f  
Ni- 3 OC r 33HF-33 HN03-34 H20 Boiling 
I I  Ni-30Cr-20W Ditto 
Cr-5W 33 HF-33 HN03-34 H20 Boiling 
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(3) P l a c e  the g r a p h i t e  box i n  a co ld  I n c o n e l - l i n e d  muf f l e  fu rnace  
and h e a t  t o  t h e  a lumin iz ing  tempera ture  i n  a f lowing  a rgon  
atmosphere,  h o l d  a t  t h e  a lumin iz ing  tempera ture  € o r  12  hour s  
( i n  a few cases ,  18 hour s ) ,  and coo l  i n  t h e  fu rnace  t o  below 
700 F. 
expe r imen ta t ion  r e s u l t e d  i n  t h e  s e l e c t i o n  of a tempera ture  of  
1750 F f o r  a luminiz ing .  
Remove t h e  box from t h e  f u r n a c e  and open. P r e l i m i n a r y  
A f t e r  a lumin iz ing ,  t h e  samples were homosenized t o  d i s t r i b u t e  t h e  alumi- 
The s t a n d a r d  homogenization t r ea tmen t  w a s  t o  annea l  num c o n t e n t  more uniformly.  
f o r  4 hour s  a t  2100 F p l u s  16 hour s  a t  2200 F i n  a rgon  fol lowed by a n  a i r  cool .  
A t a b u l a t i o n  of t h e  amount of aluminum added t o  each  sample prepared  i n  
t h i s  program i s  g iven  i n  t h e  Appendix, Table  A-1. 
E v a l u a t i o n  of O x i d a t i o n  R e s i s t a n c e  
Because of  t h e  r a p i d  f a i l u r e  observed w i t h  a luminized  and nonaluminized 
n icke l  a l l o y s  d u r i n g  o x i d a t i o n  a t  2400 F, i t  was dec ided  t o  l i m i t  o x i d a t i o n  s t u d i e s  
on  c l a d  chromium a l l o y s  t o  tempera tures  of 2300 F. To s i m u l a t e  t h e  t y p e  of expo- 
s u r e s  observed i n  g a s - t u r b i n e  engines ,  c y c l i c  o x i d a t i o n  tests were necessary .  I n  
t h e s e  tests,  samples  were f u r n a c e  hea ted  i n  a i r  t o  t h e  o x i d a t i o n  tempera ture ,  he ld  
a p r e - s e l e c t e d  t i m e ,  and cooled  i n  a i r  t o  room temperature .  
exposure,  t h e  samples were weighed and examined f o r  ev idence  of s p a l l i n g  o r  thermal  
f a t i g u e  c racks .  A f t e r  comple t ion  o f t h e  p r e s c r i b e d  number of c y c l i c  exposures ,  o r  
a f t e r  premature  sample f a i l u r e ,  specimens were s e c t i o n e d  f o r  m e t a l l o g r a p h i c  examina- 
t i on .  
samples. 
hour exposure  t i m e  a t  tempera ture  was used as a s t a n d a r d  s c r e e n i n g  exposure.  
t h e  f i r s t  100 hours ,  the samples were  cooled  t o  room tempera ture  e v e r y  two hours .  Dur- 
i n g  t h e  second 100-hour exposure  p e r i o d ,  a 20-hour c y c l e  w a s  used. 
exposed on a n  alumina r a c k  i n  a s t a t i c  a i r  atmosphere.  
determined from t h e  200-hour c y c l i c  o x i d a t i o n  tests were exposed t o  600-hour c y c l i c  
tests a t  2100 o r  2300 F. 20-hour c y c l e s  were used i n  t h e s e  tests. 
S e v e r a l  o f  t h e  c l a d  samples were i n t e n t i o n a l l y  d e f e c t e d  b e f o r e  o x i d a t i o n  
A f t e r  each c y c l e  of 
Ox ida t ion  s t u d i e s  were normally performed on e i t h e r  1 x 1 o r  1 x 2-inch c l a d  
Temperatures  f o r  c y c l i c  o x i d a t i o n  tests were either 2300 o r  2100 F. A 200- 
During 
The samples were 
The most promis ing  systems as 
exposure  by c u t t i n g  a 30-mil-wide groove i n t o  t h e  c l add ing  s u r f a c e  t o  a dep th  o f  
5, 7, o r  10 m i l s .  The purpose  of t h e s e  tests was t o  de te rmine  t h e  r e s i s t a n c e  of 
the samples t o  d e f e c t s  i n  t h e  c l add ing  l a y e r .  
S e v e r a l  o f  t h e  sys tems were a l s o  o x i d a t i o n  t e s t e d  u s i n g  two ur t h r e e  con- 
T e s t  p rocedures  used were: t i nuous  exposure  p e r i o d s  a t  two d i f f e r e n t  tempera tures .  
These s t u d i e s  
des t royed  the 
o t h e r  c o a t i n g  
2100 F f o r  100 hour s ,  1400 F 
2100 F f o r  100 hour s ,  1400 F 
6 0  hour s ,  and a i r  cool.  
were s e l e c t e d  t o  de te rmine  i f  
e f f e c t i v e n e s s  of t h e  c l a d d i n g  
systems. 
f o r  100 hour s ,  and a i r  cool.  
f o r  100 hour s ,  2100 F f o r  
o x i d a t i o n  exposure  a t  lower tempera tures  
system as has  been observed i n  c e r t a i n  
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Measurement of Bend Transition Temperature 
The bend transition temperature was determined in accordance with the 
Standard Materials Advisory Board recommended procedures(15). 
5/8 x 3-1/2 x 1/6 inch. Only longitudinal bend samples (the 3-1/2-inch dimension 
parallel to the rolling direction) were prepared. 
mandrel using three-point loading, the end loading points being 1.5 inches apart. 
The rate of mandrel movement was one inch per minute, The bend equipment was con- 
tained in an electrically heated furnace capable of heating the samples to 1600 F. 
Thermocouples were attached to the sample and to the bend mandrels to measure the 
sample and mandrel temperatures, 
mandrel at the time of test was always G O  F. 
Bend samples measured 
Samples were bent over a 4T bend 
The temperature difference between the sample and 
Bend tests were performed on bare Cr-5W, clad samples, and clad samples 
after cyclic oxidation exposure at 2100 or 2300 F, 
to protect the edges of the sample from oxidation during cyclic exposures was re- 
moved and the edges radiused by grinding through 600-grit paper before bend tests 
were run. 
The Ni-30Cr picture frame used 
Metallography and Chemical Analysis 
Clad samples were examined as prepared after oxidation exposure and after 
bend testing to determine the microstructural characteristics of the cladding layer 
and to examine the presence and extent of interdiffusion, The metallographic sam- 
ples were examined both as polished and after etching, 
included 30 volume percent lactic-20 volume percent nitric-15 volume percent HF, 
Murakami's reagent (log ferricyanide and log potassium hydroxide in 100 ml water), 
5 volume percent chromic acid (electrolytic), or 10 volume percent oxalic acid 
(electrolytic) depending upon the structural feature being studied (structure of 
Ni cladding, structure of W barrier, diffusion of compatibility layer, or structure 
of Cr alloy, respectively). Microhardness measurements using the Knoop indentor 
with a 100-gram load were also used to examine for interdiffusion. 
Etching solutions used 
Several studies of the extent of interdiffusion were made using electmn 
microprobe analysis for the major elements present. Analyses for nitrogen contam- 
ination were made using the micro-Kjeldahl techntqrie. 
RESTJLTSJ: 
Selection of Aluminizing Treatment 
The aluminizing variables investigated included aluminizing temperature, 
nickel alloy composition, nickel alloy thickness, and sample location in the retort, 
Aluminizing procedures were presented in the previous section of this report. 
9:A tabulation of all samples prepared in this program showing their composite, 
size, and disposition is given in the Appendix, Table A-2. 
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These studies showed that with equivalent aluminizing treatments, neither 
alloy content (Ni-30Cr versus Ni-20Cr-20W) nor sample thickness (10 mils versus 
>50 mils) affected the amount of aluminum picked up by the material during pack 
aluminizing. Sample location in the retort was a more significant variable. Sam- 
ples near the front of the retort gained slightly more weight. 
detailed study of the effect of sample location, using 30 samples of 10-mil-thick 
(3/4 x 1 inch) Ni-30Cr are shown in Figure 5. 
position in the retort with the 31’4 x 1 inch surfaces parallel to the front of the 
retort. Samples were arranged in two vertical layers in the 2-1/2 x 5 x 8-inch 
graphite box (top and bottom) and in two horizontal rows (left and right). The 
samples were spaced 1 inch apart in each row and the row position was adjusted so 
that the sample position in adjacent rows was 1/2 inch from that above or across 
from it. As shown in Figure 5, about 3-10 percent variation in weight gain was 
obtained as a result of sample location. 
The results of a 
The samples were placed in a vertical 
The weight gain observed as a function of aluminizing temperature is 
shown in Figure 6. Except for the run at 2000 F, the results show a linear rela- 
tionship on an Arrhenius plot. Thus, weight gain can be controlled quite readily 
by controlling the aluminizing temperature. The somewhat low aluminum adsorption 
at 2000 F probably resulted from aluminum depletion of the pack mixture, Assuming 
a sample thickness of 10 mils aluminized on both sides ( o r  5 mils aluminized on 
one side) and 
an aluminum addition of 5 weight percent would necessitate a weight gain during alu- 
minizing of 5.5 m & n 2  for Ni-30Cr and 6.4 mg/cm2 for Ni-20Cr-20W. 
alloy densities of 8.3 gm/cc for Ni-30Cr and 9.5 gm/cc for Ni-20Cr-20W 
The microstructure of the two alloy samples after aluminizing at 1750 F 
is shown in Figure 7. 
p.r>obably based on the 
the surface layer was 
alloy. The thickness 
The surface is seen to consist of intermetallic-phases, 
compounds Ni2A13, NiAl, and Ni3A1. 
600 Knoop as compared to about 300 Knoop for the nickel-base 
of the compound layer varied as follows with temperature: 
The average hardness of 
Coating Thickness, mils 
Temperature Ni-30Cr Ni-20Cr-20W 
1600 0.5 0.7 
1700 1.2 1.1 
1750 1.2-1.3 1.5 
2000 4- 6 3.3-3.5 
After aluminizing, these initial samples were homogenized for 25 hours at 
2100 F in an argon atmosphere to distribute the aluminum content more uniformly. 
The structure of two samples after homogenization is shown in Figure 8. Consider- 
able diffusion occurred, and some subsurface porosity was developed. The aluminum 
content in these samples was approximately 5 percent. 
diagrams shown previously (Figure 3) , aluminizing appeared to increase the amount 
of tungsten phase in the Ni-20Cr-20W alloy. The homogenized samples successfully 
withstood bending over a 1/32-inch die at room temperature (about 3T) indicating 
that aluminizing did not result in embrittlement. A s  apparent in Figure 8, rem- 
nants of aluminide phases remained on the cladding surface. A subsequently devel- 
oped homogenization treatment of 4 hours at 2100 F plus 16 hours at 2200 F elimin- 
ated the aluminide-phase remnants and resulted in uniform microstructure throughout 
the cladding thickness. Subsurface porosity, however, remained. 
As predicted by the phase 
18 
E 
z 
5 
I4 
4 
4 
m 
w 
d 
19 
2000 F 1850 F 1750 F 1700 F I600 F 
I /T x lo3, OR-'  A-53065 
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ALLOYS AFTER ALUMINIZING AT 1750 F 
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FIGURE 8. MICROSTRUCTURE OF TWO NICKEL-BASE CLADDING 
ALLOYS AFTER ALUMINIZING AT 1750 F AND 
HOMOGENIZING FOR 25 HOURS AT 2100 F 
22 
Samples of 10-mil-thick Ni-30Cr and Ni-20Cr-20W were processed to pro- 
vide several different final aluminum contents and were then evaluated for oxida- 
tion resistance to determine whether the aluminum content was beneficial, After 
the oxidation treatment, the samples were bend tested at 75 F over a 1/32-inch 
radius to detect embrittlement during oxidation. Samples evaluated included those 
aluminized at 1600, 1700, 1750, and 2000 F. All samples were homogenized 25 hours 
at 2100 F before evaluation except those aluminized at 2000 F which were evaluated 
as aluminized. 
The samples were exposed to four different cyclic oxidation treatments: 
(1) 100 hours at 1600 F, 20-hour cycles. 
(2) 200 hours at 2100 F, 2-hour cycles for the first 100 hours, 
20-hour cycles thereafter. 
(3) 100 hours at 2300 F, 2-hour cycles. 
(4) 100 hours at 2400 F, 2-hour cycles. 
The results of the first three tests are summarized in Table 5. All 
samples showed a small weight gain at 1600 F. Some intermetallic phase precipi- 
tated during the exposure. This was sufficient to partially embrittle the Ni-20Cr- 
20W sample containing 4.5 percent aluminum, 
tion resistant at 1600 F to be useful as a 5-mil cladding alloy without aluminum 
modification. At 2100 F, the unaluminized Ni-3OCr alloy had good oxidation resis- 
tance, showing a slight weight l o s s  in 200 hours due to a small amount of oxide 
spalling. 
aluminum was quite detrimental, but 2.9 percent aluminum halted the oxide spalling 
noted on unaluminized Ni-30Cr. 16.5 percent aluminum, mostly present as surface 
intermetallics, resulted in failure by thermal fatigue during cyclic oxidation. 
In cnntrast to Ni-30Cr, the Ni-20Cr-20W alloy was not oxidation resistant at 2100 F 
without aluminizing. Nonaluminized Ni-20Cr-20W was almost completely oxidized in 
80 hours at 2100 F. Addition of 1.1 percent aluminum was of only minor benefit, 
but 2.9 aluminum greatly improved oxidation resistance at 2100 F. When 2.9 per- 
cent aluminum was present, the alloy showed only slight weight gain and remained 
ductile after exposure. 16.5 percent aluminum improved oxidation resistance, but 
intermetallic phases formed leading t o  embrittlement. At 2300 I?, the unmodified 
Ni-30Cr alloy showed extensive weight l o s s  due to oxide spalling. One to two mils 
per side was lost, and the alloy was embrittled. Continuous oxide spalling also 
occurred after addition of 2.9 percent aluminum, but the alloy showed some ductil- 
ity after exposure. When 4.5 percent aluminum was added, oxide spalling was largely 
eliminated, and a weight gain resulted. This sample was ductile. The Ni-20Cr-20W 
alloy was not tested at 2300 F in the unmodified condition since severe oxidation 
was noted at 2100 F. Samples alloyed with either 2.9 or 4.5 percent aluminum were 
quite oxidation resistant. The oxide appearance suggested a molten oxide was 
present, perhaps a mixture of A1203 and W03. The 2A1203*5W03 oxide melts at 2250 fl 
Partial embrittlement resulting from oxide penetration up to 3 mils in certain areas 
occurred in the sample containing 2.9 aluminum. The sample containing 4.5 percent 
aluminum was ductile, however. The microstructure of this sample after oxidation 
is shown in Figure 9, It is seen that the oxide is largely restricted to the sur- 
face region. 
Both alloys were sufficiently oxida- 
About 0.5 mil of surface material was lost per side. Adding 1.1 percent 
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TABLE 5. OXIDATION RESISTANCE OF ALUMINIZED NICKEL-BASE ALLOYS 
Approximate 
A1 Content, 
weight percent ma/ cm' Results mg/ em2 Results 
Oxidized at 1600 F for 100 hours, 20-hour cycles 
0 
2.9 
4.5 
0 
1.1 
2.9 
16.5 
0.2 
0.3 
0 . 3  
Ductile 
Duc t i 1 e 
Ductile 
- - 
0.1 Ductile 
0.1 Partially Ductile 
Oxidized at 2100 F for 200 hours, 
2-hour cyclz for 100 hours, 20-hour cycles thereafter 
-1.0 Ductile >8(2) Britt le 
-6.9 Britt le 11 Britt le 
1.7 Ductile 1.4 Ductile 
(1) - -3.6 Britt le 
0 -10 Brittle - - 
2.9 -10 Partially Ductile 1.3  Partially Ductile 
4.5 3.2 Ductile -0.7 Ductile 
(1) Sample failed in 60 hours by thermal fatigue. 
(2) Test halted after 80 hours. 
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FIGURE 9. MICROSTRUCTURE O F  ALUMINIZED N i - 2 0  WEIGHT 
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CYCLIC OXIDATION A T  2300 F 
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Continuous weight  measurements were made d u r i n g  s t a t i c  o x i d a t i o n  of 
samples a luminized  t o  g i v e  about  4.5 p e r c e n t  aluminum. 
bo th  a l l o y s  showed about  t h e  same weight  g a i n  and were o x i d i z i n g  i n  a p a r a b o l i c  
manner. The m i c r o s t r u c t u r e  of t h e  two a l l o y s  a f t e r  o x i d a t i o n  f o r  24  hours  a t  
2300 F i s  shown i n  F i g u r e  10. 
a l l o y ,  and a small amount of  i n t e r n a l  ox ide  was p r e s e n t .  
showed evidence  of t ungs t en  d e p l e t i o n  nea r  t h e  s u r f a c e  and appeared t o  show more 
uni form a t t a c k .  
A f t e r  24 hour s  a t  2300 F, 
The s u r f a c e  appeared more i r r e g u l a r  on t h e  N i - 3 0 C r  
The Ni-20Cr-20W a l l o y  
No i n t e r n a l  o x i d a t i o n  was apparent .  
The weight  change observed i n  samples ox id i zed  a t  2400 F i s  shown i n  
Both n i cke l -base  a l l o y s  showed poor  o x i d a t i o n  r e s i s t a n c e  a t  2400 F. F i g u r e  11. 
M o d i f i c a t i o n  w i t h  1-1 o r  2.9 p e r c e n t  aluminum improved ox ida t ion  r e s i s t a n c e  some- 
what ,  b u t  n o t  s u f f i c i e n t l y  t o  make t h e  a l l o y s  u s e f u l  a t  2400 F. Samples con ta in -  
i n g  16.5 aluminum were comple te ly  e m b r i t t l e d  a f t e r  t h e  f i r s t  c y c l i c  exposure  a t  
2400 F, 
Samples c o n t a i n i n g  4.5 p e r c e n t  aluminum were expoeed t o  c o n s t a n t  temper- 
The Ni-30Cr a l l o y  showed s e v e r e  o x i d a t i o n  a t u r e  o x i d a t i o n  f o r  24 hour s  a t  2400 F. 
and  some evidence  of mel t ing .  
l i t t l e  damage d u r i n g  t h i s  test. Cons iderable  tungs t en  d e p l e t i o n  throughout  t h e  
sample t h i c k n e s s  w a s  ev iden t ,  however, as shown i n  F i g u r e  12. 
I n  c o n t r a s t ,  t h e  Ni-20Cr-20W showed r e l a t i v e l y  
A f t e r  o x i d a t i o n  exposures  of a l l  t h i n  c l add ing  materials a t  2300 and 
2400 F, t h e  samples were s e v e r e l y  warped and d i s t o r t e d .  This  c o n d i t i o n  i s  more 
severe than  would be  expec ted  when t h e  materials are backed w i t h  t h e  t h i c k  sub- 
strate.  Although excessive oxide  s p a l l i n g  may be l i n k e d  t o  t h i s  d i s t o r t i o n ,  t h e  
g e n e r a l  i n d i c a t i o n s  of t h e s e  s t u d i e s  are be l i eved  v a l i d .  
The r e s u l t s  d e s c r i b e d  above sugges t  t h a t  t h e  N i - 3 0 C r  a l l o y  i s  s u f f i c i e n t l y  
o x i d a t i o n  r e s i s t a n t  t o  be used i n  t h e  unmodified c o n d i t i o n  a t  2100 F. A t  2300 F, 
aluminum m o d i f i c a t i o n  i s  necessary .  A t  2300 F ,  a luminized  Ni-20Cr-20W a l l o y s  appear  
s u p e r i o r  t o  a luminized  N i - 3 0 C r  a l l o y s .  N e i t h e r  sys tem appeared s u f f i c i e n t l y  oxida-  
t i o n  r e s i s t a n t  f o r  s e r v i c e  a t  2400 F. It w a s  concluded from t h e s e  s t u d i e s  t h a t  
m o d i f i c a t i o n  w i t h  4 . 5  p e r c e n t  aluminum (1750 F a lumin iz ing  t r ea tmen t )  was about  
optinum, and t h i s  t r ea tmen t  was s e l e c t e d  f o r  u s e  i n  p r e p a r i n g  c l a d  chromium samples.  
Some s t u d y  of unmodified Ni-30Cr-clad samples a l s o  appeared j u s t i f i e d .  
Examination of Cladding Var i ab le s  
S e v e r a l  of t h e  c l a d d i n g  systems were examined t o  de te rmine  t h e  e f f e c t s  
of gas -p res su re  bonding,  a lumin iz ing ,  and homogenizing on t h e  s t r u c t u r e  of  the 
i n t e r f a c i a l  reg ion .  These systems were l a ,  2a,  4, 5, 6 ,  7 ,  and 8.9~. 
Gas-pressure bonding f o r  2 hour s  a t  2150 F u s i n g  10,000 p s i  p r e s s u r e  
r e s u l t e d  i n  good bonding between t h e  chromium a l l o y  and the b a r r i e r  l a y e r  and 
between t h e  b a r r i e r  l a y e r  and c l add ing  l aye r .  Some p o r o s i t y  was appa ren t  between 
t h e  two 0.5-mil t u n g s t e n  f o i l s  used t o  p rov ide  t h e  l - m i l  b a r r i e r  l a y e r  i n  System 7 ,  
b u t  t h i s  tended t o  b e  e l i m i n a t e d  d u r i n g  homogenization (see F i g u r e  15 f o r  a n  i l l u s -  
t r a t i o n  o f  t h e  p o r o s i t y  p r e s e n t  a f t e r  homogenization),  
;tTo f a c i l i t a t e  d i s c u s s i o n ,  t h e  v a r i o u s  c l a d d i n g  systems are r e f e r r e d  t o  by sys tem 
number throughout  t h i s  r e p o r t .  Systems are i d e n t i f i e d  i n  Table  1, page 8. 
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FIGURE 10. MICROSTRUCTURE OF ALUMINIZED NICKEL-BASE ALLOYS 
(4.5 WEIGHT PERCENT ALUMINUM) AFTER OXIDATION 
FOR 24 HOURS AT 2300 F 
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FIGURE 11. WEIGHT CHANGE DURING CYCLIC OXIDATION AT 2400 F 
%Samples were  homogenized at 2100 F for 25 hours. 
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FIGURF, 12. MICROSTRUCTURE O F  ALUMINIZED N i - 2 0  WEIGHT 
PERCENT C r - 2 0  WEIGHT PERCENT W (4.5 WEIGHT 
PERCENT ALUMINUM) AFTER 24-HOUR OXIDATION 
AT 2400 F 
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Aluminum was d e p o s i t e d  l a r g e l y  as i n t e r m e t a l l i c  phases  d u r i n g  a luminiz ing .  
Homogenization f o r  4 hours  a t  2100 F fol lowed by 16 hour s  a t  2200 F r e s u l t e d  i n  
d i f f u s i o n  of t h e  aluminum i n t o  t h e  c l add ing  l a y e r ,  
t e m  4 sample i n  F i g u r e  13. 
d u r i n g  d i f f u s i o n .  
homogenizat ion of a luminized  N i - 3 O C r  c l add ings  than  d u r i n g  homogenization o f  alumi- 
n i zed  Ni-20Cr-20W c ladd ings .  (This  may b e  s e e n  by comparing F i g u r e s  13, 15, and 
16 w i t h  F i g u r e  14.) 
appa ren t  i n  t h e s e  f i g u r e s .  
p r e s s u r e  bonding. A f t e r  homogenization, t h i s  l a y e r  was no t  e a s i l y  l o c a t e d .  
Th i s  i s  i l l u s t r a t e d  f o r  a Sys- 
P o r o s i t y  tended t o  develop nea r  t h e  c l a d d i n g  s u r f a c e  
The e x t e n t  of p o r o s i t y  format ion  was g e n e r a l l y  g r e a t e r  d u r i n g  
The r a p i d  d i f f u s i o n  of t h e  p l a t inum c o m p a t i b i l i t y  l a y e r  i s  
Some d i f f u s i o n  o f  t h i s  l a y e r  occurred  d u r i n g  gas-  
The v a r i a t i o n  i n  ha rdness  observed i n  t h e  System 4 sample a f t e r  bonding, 
a f t e r  a lumin iz ing ,  and a f  r homogenizing i s  sho  
num i n t o  t h e  c l a d d i n g  a l l  caused a marked i n c r  
l a y e r .  A f t e r  homogenization, t h e  ha rdness  had dropped s i g n i f i c a n t l y  as t h e  p l a t i -  
num c o n c e n t r a t i o n  was d i s t r i b u t e d  more uniformly. Aluminum d i f f u s i o n ,  combined 
w i t h  p l a t inum d i f f u s i o n  d u r i n g  homogenization, i n c r e a s e d  t h e  hardness  of t h e  c lad-  
d i n g  a l l o y  b u t  n o t  e x c e s s i v e l y ,  No hardening  o f t h e  chromium a l l o y  w a s  appa ren t  
th roughout  t h e  p r o c e s s i n g  schedu le ,  
Measurements of t h e  t h i c k n e s s  of t h e  b a r r i e r  l a y e r  a f t e r  t h e  v a r i o u s  
p r o c e s s i n g  s t e p s  are p resen ted  i n  Tab le  7. Of t h e  seven  systems examined, a l l  b u t  
one,  System la ,  con ta ined  a p la t inum c o m p a t i b i l i t y  l a y e r .  T h i s  sys tem w a s  t h e  
o n l y  one n o t  showing s i g n i f i c a n t  l o s s  of t h e  b a r r i e r  lrsterial d u r i n g  p rocess ing .  
Also,  i t  was observed t h a t  System 8 ,  which conta ined  tw ice  as much p la t inum as 
t h e  o t h e r  p l a t inum-con ta in ing  systems,  showed t h e  g r e a t e s t  l o s s  of b a r r i e r  material. 
The appearance  of Systems l a  and 2a  a f t e r  homogenization i s  shown i n  F i g u r e  14. 
The d i f f e r e n c e  i n  t h e  b a r r i e r  l a y e r  t h i c k n e s s  i s  r e a d i l y  appa ren t ,  Also ,  i t  can  
b e  s e e n  t h a t  t h e  p l a t inum l a y e r  i s  no t  v i s i b l e  i n  System 2a a f t e r  homogenization. 
Thus, t h e  o r i g i n a l  i n t e n t  of  t h e  p l a t inum l a y e r ,  t o  p rov ide  a r e g i o n  of in te rme-  
d i a t e  thermal  expansion between n i c k e l  and tungs t en  a l l o y s  and t o  p r e v e n t  i n t e r -  
metal l ic  compound format ion ,  was u n l i k e l y  t o  be  s u c c e s s f u l l y  r e a l i z e d ,  Systems 7 
and 8 are compared i n  F i g u r e  15, 
t i v e  t h i c k n e s s e s  of p l a t inum and tungs ten .  I n i t i a l l y ,  System 7 con ta ined  1 m i l  
o f  t u n g s t e n  and 0.5 m i l  of p la t inum.  System 8 con ta ined  0.5 m i l  of t ungs t en  and 
1.0 m i l  of p la t inum.  Very l i t t l e  b a r r i e r  l a y e r  was l e f t  i n  System 8 a f t e r  homo- 
gen iza t ion .  
These samples  are i d e n t i c a l  excep t  f o r  t h e  rela- 
P la t inum appeared b e n e f i c i a l  when u s i n g  a W-25Re a l l o y  b a r r i e r  l a y e r .  
I n  System 6 ,  where no p l a t inum was p r e s e n t ,  t h e  b a r r i e r  l a y e r  showed e x t e n s i v e  
c rack ing  d u r i n g  homogenization. The System 5 sample d i d  n o t  show f r agmen ta t ion ,  
presumably due t o  t h e  p re sence  of  plat inum. The s t r u c t u r e s  of t h e s e  two systems 
are shown i n  F i g u r e  16. The tungsten-rhenium a l l o y  i s  a p p a r e n t l y  no t  compat ib le  
w i t h  Ni-30Cr i n  t h e  absence  of plat inum. The f a i r l y  e x t e n s i v e  a t t a c k  of t h e  bar -  
rier l a y e r  a l o n g  t h e  i n t e r f a c e  between t h e  b a r r i e r  and c l add ing  i n  System 5 sug- 
g e s t s  t h a t  i t  i s  on ly  m a r g i n a l l y  compat ib le  when p la t inum i s  p resen t .  
These e v a l u a t i o n s  i n d i c a t e d  t h a t  gas -p res su re  bonding t o  produce a com- 
p o s i t e  c l add ing  sys t em was f e a s i b l e  and that a r easonab ly  uni form aluminum addi -  
t i o n  could  be  made t o  t h e  c l a d d i n g  a l l o y  a f t e r  bonding by vapor  phase  d e p o s i t i o n  
and homogenization. They a l s o  i n d i c a t e d  t h a t  s o l u t i o n  of t h e  b a r r i e r  l a y e r  d u r i n g  
prolonged e l e v a t e d  tempera ture  exposure  could  be  expec ted ,  and t h a t  t h e  p re sence  
of p l a t inum a c c e l e r a t e d  t h e  rate of a t t a c k  of t h e  b a r r i e r .  System 6 w a s  shown t o  
be  d e f e c t i v e  a f t e r  homogenization as a r e s u l t  of i n c o m p a t i b i l i t y  between W-25Re 
and a luminized  N i - 3 0 C r .  
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FIGURE 13. MICROSTRUCTURE OF SYSTEM 4 SAMPLE ( I V - 4 )  AFTER A L W I N I Z I N G  
ANI) AFTER HOMOGENIZING 
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500X 88778 
5 OOX 8A777 System 2a (11-8) 
System la (1-9) 
FIGURE 14. MICROSTRUCTURE OF SYSTEMS la (NO Pt LAYER) AND 2a (1/2-MIL 
Pt "COMPATIBILITY" LAYER) SAMPLES AFTER ALUMINIZING AND 
HOMOGENIZING 
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500X System 7 (VII-7) 68049 500X System 8 (VIII-7) 6A050 
(1 mil ~ : 1 / 2  mil Pt) (1/2 mil w:l mil Pt) 
FIGuRG 15. MICROSTRUCTURES OF SYSTEMS 7 AND 8 SAMPLES AS HOMOGENIZED 
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500X System 5 (V-9) 6 6 0 4 7  500X System 6 ( V I - 3 )  6 A 0 4 8  
(1/2 mil Bt) ( t l D  P t )  
FIGURE 16. MICROSTRUCTURES OF SYSTEMS 5 AND 6 SAMPLES AS 
HOMOGENIZED (W-25 PERCENT R e  BARRIER LAYER) 
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TABLE 6 .  KNOOP HARDNESS OF SYSTEM 4 SAMPLE AFTER 
VARIOUS PROCESSING STEPS (100-gram load)  
A s  Homogenized 
D i s t a n c e  from A s  Gas-Pressure A s  Aluminized 4 h r  2100 F -+ 
Tungsten Barrier, m i l s  Bonded (5  mg/cm2) 16 h r  2200 F 
-5.5 
-4 
-3 
-2 
-1.5 
-1 
-0.5 
0 
1 
2 
3 
4 
5 
10  
20 
30 
Cladding Layer 
- 440 
180 200 
17 0 220 - 220 
280 240 
330 290 
630 680 
( I n  a luminide)  
I n  Tungsten Barrier 
370 300 
Chromium-5 weight  p e r c e n t  Tungsten Al loy  
200 
200 
230 
220 
2 40 
210 
230 
230 
220 
230 
230 
240 
220 
240 
240 
220 
(Porous)  
2 80 
270 
280 
270 
320 (two 
phase  r e g i o n s )  
- 
38 0 
220 
2 10 
2 10 
220 
230 
240 
240 
220 
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TABLE 7. THICKNESS OF BARRIER LAYER AFTER VARIOUS TREATMENTS 
Thickness of Tungsten Layer, mils 
Sample As Gas-Pressure P-s AS 
System Number Initial Bonded Aluminized Homogenized 
la 1-9 
2a 11-8 
4 I V - 1 2  
IV-4 
5 v- 9 
6 V I - 3  
7 VII- 7 
8 VIII-7 
3 . 5  
a. 5
a. 5 
a. 5
-1.0 
-1.0 
-1 .o 
a . 5  
0.5 
0.3 
0.3 
0.5 
0.6 
0.9 
1.0 
0.2 
0.4 
0.3 
0.4 
0.3 
0.6 
0.6 
0.9 
0.2 
0.4 
0.2 
0.3 
0.3 
0.7 
Extensive 
0.7 
<o. 1 
fracturing 
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Oxida t ion  R e s i s t a n c e  a t  2100 F 
The behavior  of samples exposed t o  c y c l i c  o x i d a t i o n  a t  2100 F i s  summar- 
i z e d  i n  Tab le  8, and photographs of a r e p r e s e n t a t i v e  o x i d a t i o n  tes t  sample of each 
sys tem a re  shown i n  F i g u r e  17. 
t i o n  tests t o  be  determined l a r g e l y  by t h e  composi t ion of t h e  c l add ing  a l l o y  l aye r .  
However, d i f f u s i o n  of t h e  b a r r i e r  o r  c o m p a t i b i l i t y  l a y e r  i n t o  t h e  c l a d d i n g  l a y e r  
cou ld  a l t e r  t h e  o x i d a t i o n  behavior .  The weight  g a i n s  measured i n  t h e s e  tests are 
grouped accord ing  t o  c l add ing  a l l o y  i n  Table  9. 
b e  recognized  t h a t  some i n c o n s i s t e n c i e s  are p r e s e n t  owing t o  : f t p t u r e  of t h e  c l ad -  
d i n g  a t  c o r n e r s  and edges where t h e  s u b s t r a t e  con tac t ed  t h e  massive p i c t u r e  frame, 
I n  Systems l b ,  2b,  9,  10, 11, and 12 and System l a ,  Specimens 4 and 5, t h i s  l o c a l -  
i z e d  c l a d  d e f e c t i n g  was p reven ted  by i n c l u d i n g  tungs t en  b a r r i e r  l a y e r s  a t  s u b s t r a t e  
edges. Notwi ths tanding ,  t h e  e x t e n t  of l o c a l  c l a d  d e f e c t i n g  a t  2100 F w a s  cons ide red  
s u f f i c i e n t l y  l i m i t e d  s o  t h a t  a n a l y s e s  of weight  change d a t a  a r e  g e n e r a l l y  v a l i d .  
A s  shown i n  Table  9 ,  t h e  a luminized  N i - 3 0 C r  c l add ing  showed t h e  highesf! weight  ga in .  
A lower weight  g a i n  w a s  observed i n  unaluminized N i - 3 0 C r  and s t i l l  less w i t h  alumi- 
n i zed  Ni-20Cr-20W. It i s  not  c e r t a i n  whether  t h i s  r e p r e s e n t s  d i f f e r e n c e s  i n  amount 
of o x i d a t i o n  o r  i n  t h e  e x t e n t  of s p a l l i n g .  
similar s u r f a c e  c l add ing ,  some d i f f e r e n c e s  were observed.  A p o r t i o n  of t h i s  d i f -  
f e r e n c e  no doubt  i s  due t o  d i f f e r e n c e s  i n  amount and d i s t r i b u t i o n  of aluminum among 
t h e  v a r i o u s  samples. However, i t  i s  appa ren t  t h a t  t h e  composi t ion  of t h e  b a r r i e r  
and c o m p a t i b i l i t y  l a y e r s  a l s o  i s  s i g n i f i c a n t .  
by System 9 which con ta ined  a vanadium c o m p a t i b i l i t y  l a y e r .  Vanadium r e s u l t e d  i n  
r a p i d  d e t e r i o r a t i o n  of t h e  sample,  a p p a r e n t l y  c a u s i n g  a molten oxide  t o  form. P la -  
t inum appeared t o  i n c r e a s e  t h e  weight  g a i n  i n  samples c l a d  w i t h  a luminized  Ni-20Cr- 
20W o r  N i - 3 0 C r .  I n  unaluminized Ni-30Cr-clad samples ,  p l a t inum reduced t h e  weight  
g a i n  du r ing  ox ida t ion .  Examination of  t h e  s u r f a c e  appearance  a f t e r  o x i d a t i o n  (see 
F i g u r e  17)  shows several d i f f e r e n c e s ,  as summarized below. 
One would expec t  t h e  weight  g a i n  i n  c y c l i c  oxida-  
I n  c o n s i d e r i n g  t h e s e  d a t a ,  i t  must 
Within each group of systems having  
An extreme exsnp le  o f  t h i s  i s  shown 
The b l i s t e r i n g  tendency observed on System 6 was n o t  s e e n  
on System 5. 
c l a d  s y s t c l r w h e r e  a W-Re b a r r i e r  i s  used. 
d e f e c t i v e  as processed ,  as p o i n t e d  o u t  i n  t h e  p rev ious  
s e c t i o n ,  
Thus, p l a t inum may b e  b e n e f i c i a l  i n  a N i - 3 0 C r -  
System 6 w a s  
Inc reased  p l a t inum changed t h e  s u r f a c e  appearance  of 
samples c l a d  w i t h  a luminized  Ni-30Cr. (The System 8 
samples developed a mot t l ed  s u r f a c e  d u r i n g  o x i d a t i o n , )  
P la t inum had l i t t l e  e f f e c t  on t h e  s u r f a c e  appearance  
of  samples c l a d  w i t h  a luminized  Ni-20Cr-20W (System l a  
v e r s u s  Za, System l b  v e r s u s  2b and 2c). 
The use  of Mo o r  W-1Th02 b a r r i e r  i n s t e a d  of t ungs t en  
had l i t t l e  e f f e c t  on s u r f a c e  appearance  a f t e r  ox ida t ion .  
Vanadium p r e s e n t  i n  t h e  system caused a marked change 
i n  s u r f a c e  appearance.  
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TABLE 8. OXIDATION RESISTANCE DURING CYCLIC OXIDATION AT 2100 F 
Sample Weight Gain, mg/cm2 in. 
la 
lb 
2a 
2b 
2c 
3 
4 
5 
6 
7 
I- 1 
1-4 
1-5 
1-16 
I- 19 
1-23 
1-24 
1-26 
11- 1 
11-2 
11-3 
11- 17 
11-18 
11-19 
11-20 
11-24 
11-9 
11- 10 
111- 1 
111-2 
111-3 
IV- 1 
IV-2 
IV-3 
v- 3 
v-4 
v-5 
VI- 1 
VI-2 
VI-4 
VII-1 
1.51 
0.61 
0.74 
0,81 
1.95 
0.68 
0.84 
1.01 
1.55 
2.63 
1.17 
0.85 
0.68 
2.42 
2.23 
1.90 
1.10 
1.22 
1.32 
1.02 
1.08 
2.26 
1.38 
0.61 
0-71 
I 
- 
0.69) 
0.91 
- 
1.86 
- 
0.23 
- 
2.83) 
2.49 
1.62 
1.32 - 
1.22 
1.23 
0.93 
1.17 
in 40 hours 
1-69 
Extensive cracking at cladzpicture 
Sample in excellent condition. 
One corner crack; otherwise in excel- 
frame junction, (1) 
lent condition. 
Sample appeared in good condition. 
All samples in good condition. Gray 
oxide formed. Some spalling on pic- 
ture frame. 
Extensive cracking at c1ad:picture 
Samples in good condition except for 
frame junction. (1) 
cracks at corners where cladding 
joined picture frame. ( 2 )  
Sample in good condition. 
Spalling on one edge; inadequate 
aluminizing. 
Samples in good condition. Some 
spalling late in test accounts 
for weight differences. 
Sample in excellent condition except 
Corners of cladding fracture at in- 
for corner cracks. ('1 
terface with picture frame and 
curled up. ( 1) 
Oxide spalling began after about 50 
hours. Weight loss occurred from 
this point. Some separation of clad- 
ding:picture frame junction. (1) 
Some cracking at c1adding:picture 
frame 'unction, especially at cor- 
ner s . ( 1 )  
Samples in good condition, Cracks at 
one corner at icture frame:clad- 
ding junction. 81) 
(1) 
Slight cracking at picture frame: 
Sample apparently defective. ('1 
cladding interface; otherwise good. 
Some cracking along,p$cture frame: 
cladding junction. (') 
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TABLE 8. (continued) 
Sample Weight Gain, mg/cm2 in. 
System Number 100 hr 200 hr 600 hr Comments 
7 VII-3 
VII-4 
(cont.) 
8 VIII- 1 
VII I -2  
VIII-3 
9 I X -  3 
10 x- 4 
11 X I - 1  
12 X I I - 4  
1.20 in 50 hours 
2.24 in 9 0  hours 
2.21 " 
2.45 2.96 
1.83 2.10 
3.52 in 10 hours 
0.94 - 
1.56 - 
0.82 " 
Sample de e oped crack in cladding 
Sample developed crack in cladding 
surf ace. ud 
(1) surf ace. 
Sample in good condition except for 
cladding cracks over picture frame 
junction. Few small blisters on 
s ur faces (1) 
Oxide melting and rapid attack 
occurred. 
Sample in excellent condition. 
Sample in excellent condition. 
Sample in excellent condition. 
(1) No tungsten barrier between picture frame and chromium alloy. 
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TABLE 9, SUMMARY OF WEIGHT CHANGES DURING CYCLIC OXIDATION AT 2100 F 
Weighg Gain, 
Compatibility Barrier ma/ cmz , after 
System Cladding Layer(') Layer Layer(') 100 hr 200 hr 
Unmodified Ni-30Cr 
11 
3 
4 
7 
8 
6 
5 
la 
2a 
lb 
2b 
2c 
12 
10 
9 
10 mil Ni-30Cr - 1.5 mil W 
5 mil Ni-30Cr 0.5 mil Pt 0.5 mil W 
Aluminized Ni-30Cr 
5 mil Ni-30Cr:5A1 0.5 mil Pt 0.5 mil W 
Ditto Ditto 1.0 mil W 
1.0 mil Pt 0.5 mil W 
0.5 mil Pt Ditto 
I t  
II 
11 
- 1.0 mil W-25Re 
Aluminized Ni-20Cr-20W 
5 mil Ni-20Cr-20W:5Al I 
Ditto 0.5 mil Pt 
0.5 mil Pt 
1.0 mil Pt 
0.5 mil Pt 
Ditto 
1 mil V 
- 11 
I 1  
I t  
11 
I 1  
I t  
0.5 mil W 
Ditto 
1.5 mil W 
Ditto 
1.0 mil W 
2 mil W-1Th02 
2.0 m i l  Mo 
1.5 mil W 
1.56 
0.90 
2.18 
1.38 
2.16 
1.05 
1.21 
0.68 
0.77 
0.81 
1.01 
1.55 
0.82 
0.94 
>>3.52 
- 
0.62 
2.66 
1.69 
2.53 
1.32 
1.48 
0.66 
0.80 
I - 
1.86 - - - 
(1) Alloy compositions and aluminum additions given in weight percent. 
c 
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System la (1-5) System lb (1-16) 
System 2a (11-2) System 2b (11-17) 
System 2c (11-9) System 3(III-2) System 4 ( I V - 1 )  
System 5 (V-3) System 6 (VI-2) 
System 7 ( V I I - 1 )  
F I G U R E  17 .  APPEARANCE O F  OXIDATION SAMPLES AFTER 1oo-HOUR 
CYCLIC EXPOSURE AT 2100 F WITH 2-HOUR CYCLES 
[(  ) = sample numbm] 
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System 8 (VIII-2) 
System 9 ( I X - 3 )  
(This sample exposed only 10 hours) 
System 10 (X-4)  
system 11 ( X I - 1 )  
System 12 ( X I I - 4 )  
FIGURE 17. (continued) 
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Of much more importance t h a n  weight  g a i n  o r  s u r f a c e  appearance  i s  t h e  
m i c r o s t r u c t u r a l  changes a t  t h e  i n t e r f a c e  between t h e  chromium-base a l l o y  and t h e  
c l a d d i n g  l a y e r s  o c c u r r i n g  d u r i n g  c y c l i c  ox ida t ion .  The m i c r o s t r u c t u r e s  of two 
c l a d  samples a f t e r  c y c l i c  o x i d a t i o n  exposure  f o r  200 hour s  a t  2100 F are shown i n  
F i g u r e  18. 
b a r r i e r  l a y e r .  
th rough the cracked  r e g i o n s  i n  the b a r r i e r  l a y e r  i s  a l s o  appa ren t .  
layer o r i g i n a l l y  p r e s e n t  i n  System 2a i s  n o t  v i s i b l e  i n d i c a t i n g  complete  s o l u t i o n  
and d i f f u s i o n .  
t h e  p la t inum-conta in ing  system. 
b o t h  samples.  
Both samples developed a c o n s i d e r a b l e  amount of  c r ack ing  of  t h e  t u n g s t e n  
P i t t i n g  of  t h e  chromium a l l o y ,  a p p a r e n t l y  as a r e s u l t  of d i f f u s i o n  
The p l a t inum 
The s e v e r i t y  of break-up of t h e  t u n g s t e n  l a y e r  appeared g r e a t e r  i n  
The c l a d d i n g  l a y e r  w a s  i n  r easonab ly  good shape  i n  
F i g u r e  19 i l l u s t r a t e s  t h e  appearance  of two samples,  one of  System l b  and 
one of System 2b, a f t e r  c y c l i c  o x i d a t i o n  f o r  100 hour s  a t  2100 F. An e t c h  des igned  
t o  deve lop  t h e  chromium g r a i n  s t r u c t u r e  w a s  used. T h i s  e t c h  r e s u l t s  i n  a p p r e c i a b l e  
s t a i n i n g  of t h e  c l add ing  a l l o y  when p la t inum i s  p r e s e n t ,  which accoun t s  f o r  t h e  un- 
u s u a l  appearance  of t h e  c l a d  l a y e r  i n  Sample 11-17, An obvious ly  d i f f e r e n t  e t c h i n g  
r e s p o n s e  i s  s e e n  i n  bo th  samples i n  t h e  chromium a l l o y  immediately benea th  t h e  bar -  
rier l a y e r  f o r  a d e p t h  of  one o r  two g r a i n s .  Th i s  a p p a r e n t l y  r e s u l t s  from d i f f u s f o n  
of t h e  c l add ing  a l l o y .  Cracking of t h e  b a r r i e r  l a y e r  i s  e x t e n s i v e  i n  bo th  samples.  
However, t h e r e  is  no ev idence  of n i t r i d e  contaminat ion  i n  t h e  samples,  which would 
show up as a g r a i n  boundary phase  and as need le s  w i t h i n  t h e  g r a i n s  (see F i g u r e  36, 
page 75). 
1-16 was observed. 
Ex tens ive  s e p a r a t i o n  a l o n g  t h e  c l a d d i n g z b a r r i e r  l a y e r  i n t e r f a c e  on Sample 
One sample was ana lyzed  t o  de t e rmine  i f  n i t r o g e n  contaminat ion  occurred  
d u r i n g  c y c l i c  o x i d a t i o n  a t  2100 F. Th i s  sample,  1-23, a System l b  sample exposed 
f o r  600 hours  a t  2100 F u s i n g  20-hour o x i d a t i o n  c y c l e s ,  con ta ined  180 ppm n i t r o g e n  
by a n a l y s i s .  The base  a n a l y s i s  of t h e  chromium a l l o y  was 50 ppm. Thus, i t  appea r s  
t h a t  t h e  c l a d d i n g  system provided  q u i t e  good p r o t e c t i o n  a g a i n s t  n i t r o g e n  contamina- 
t i o n  a t  2100 F. 
A f u r t h e r  i l l u s t r a t i o n  of t h e  s t r u c t u r e  a t  t h e  i n t e r f a c e  r e g i o n  i s  shown 
i n  F i g u r e  20. A s  p o l i s h e d ,  i t  appea r s  t h a t  some t u n g s t e n  d i f f u s i o n  i n t o  t h e  c lad-  
d i n g  a l l o y  l a y e r  has occurred  s i n c e  a second phase,  which resembles  tungs t en ,  i s  
s e e n  i n  t h e  a luminized  N i - 3 O C r  a l l o y  ex tend ing  abou t  0.5 m i l  i n t o  t h e  c l a d d i n g  l a y e r .  
A d i f f u s i o n  r e g i o n  of v a r i a b l e  dep th  i s  s e e n  i n  t h e  chromium-base a l l o y .  
of t h i s  l a y e r  i s  g r e a t e s t  under  c racks  i n  t h e  tungs ten .  
r e s u l t s  i n  development of t h e  t u n g s t e n  m i c r o s t r u c t u r e  (and a l s o  s o l u t i o n  of t h e  
t u n g s t e n - r i c h  phase  i n  the c l a d d i n g  a l l o y  n e a r  t h e  tungs ten :  c l add ing  a1 l o y  in te r face) .  
The dep th  
E tch ing  i n  Murakami's e t c h  
Measurements of t h e  b a r r i e r  l a y e r  t h i c k n e s s  a f t e r  o x i d a t i o n  exposure  i n d i -  
c a t e d  t h a t  t h e  tungs t en  b a r r i e r  tended t o  d i s s o l v e  on ly  s l i g h t l y  i n t o  a l l o y  o r  t h e  
c l a d d i n g  l a y e r .  
L i t t l e  change i n  t u n g s t e n  t h i c k n e s s  occurred  beyond t h a t  a t t r i b u t a b l e  t o  t h e  homo- 
g e n i z a t i o n  annea l .  
t h a t  of una l loyed  tungs t en ,  and t h e  b a r r i e r  appeared two-phase a f t e r  c y c l i c  exposure.  
The appearance  of  the W-25Re barrier i n  System 5 a f t e r  200 hour s  a t  2100 F i s  shown 
i n  F i g u r e  21a. I n  some cases, t h e  tungs t en  b a r r i e r  a l s o  developed a two-phase 
appearance  when e t ched  i n  Murakami's e t c h  as shown i n  F i g u r e  21b. Tlris is  be l i eved  
t o  b e  a n  e t c h  a r t i f a c t ,  however. 
22 appeared t o  deve lop  cracks i n  much the same manner as unal loyed  tungs t en .  The 
molybdenum b a r r i e r  w a s  a p p a r e n t l y  incompa t ib l e  w i t h  t h e  chromium a l l o y  and t h e  c l ad -  
d i n g  a l l o y  as e x t e n s i v e  f r a c t u r i n g  occurred  throughout  t h e  molybdenum-rich r e g i o n  
d u r i n g  c y c l i c  ox ida t ion .  
T h i s  w a s  t r u e  i n  b o t h  p la t inum-conta in ing  and p l a t inum-f ree  systems.  
The s o l u t i o n  rate of t h e  W-25Re b a r r i e r  was much more r a p i d  t h a n  
The W-1Th02 b a r r i e r  i n  System 12 shown i n  F i g u r e  
4 3  
250X System la--Sample 1-5 68694 
(no Pt) 
250X System 2a--Sample 11-2 68695 
(1/2 mil Pt) 
FIGURE 18. MICROSTRUCTURE OF TWO CLAD CHROMIUM SAMPLES 
AFTER CYCLIC OXIDATION EXPOSURE FOR 200 HOURS 
AT 2100 F 
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i 
QY 
!r 
1 oox System lb--Sample 1-16 (no Pt) 5B215 
lOOX System 2b--Sample 11-17 (1/2 mil Pt) 5x218 
FIGURE 19. MICROSTRUCTURE OF TWO CLAD CHROMIUM 
ALLOYS AFTER CYCLIC EXPOSURE FOR 100 
HOURS AT 2100 F 
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7 5 0 X  (a) A s  polished 3 A 4 3 5  
7 5 0 X  (b) Murakami's etchant 38441 
FIGURE 20, APPEARANCE OF THE TUNGSTEN INTERFACIAL AREA 
CYCLIC OXIDATION EXPOSURE 
OF SAMPLE I V - 1 ,  SYSTEM 4 AFTER 100 HOURS 
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500X 8A773 
(a )  System 5--Sample V - 3  (200 hours)  
(W-25 weight  p e r c e n t  R e  b a r r i e r )  
N i  a l l o y  
B a r r i e r  
C r  a l l o y  
7 50X 3A440 
(b)  System 2a--Sample 11-1 (100 hours)  
(W b a r r i e r )  
FIGURE 21. APPEARANCE OF BARRIER LAYER I N  TWO 
SAMPLES AFTER CYCLIC OXIDATION AT 2100 F 
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5 0 0 X  5 B 2 2 7  
FIGURE 22. APPEARANCE OF W - 1  WEIGHT PERCENT Tho2 
BARRIER I N  SAMPLE X I I - 4 ,  SYSTEM 12, 
A F T E R  100 HOURS CYCLIC OXIDATION AT 
2100 F 
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Samples from two of the systems, lb and 2b, were oxidized using pro- 
longed exposure at 2100 and 1400 F. One sample of each system was exposed for 
100 continuous hours at 2100 F followed by 100 continuous hours at 1400 F. A 
second sample was exposed 100 continuous hours at 2100 F, then 100 continuous 
hours at 1400 F, and finally 60 continuous hours at 2100 F. These exposure con- 
ditions were designed to show if prolonged intermediate temperature exposure was 
harmful to the cladding system. 
All four samples appeared in excellent condition at the completion of the test. 
The microstructure of the System lb sample exposed to the 2100 F:1400 F:2100 F 
sequence is shown in Figure 23. 
chromium alloy interface is apparent in this figure; however, much of the cladding 
remained well bonded. 
metallographic examination. Of special interest is the absence of cracks in the 
tungsten barrier layer irrespective of whether cladding separation had occurred. 
Apparently, the cracking of tungstm observed during cyclic oxidation testing is 
the result of thermal cycling. In regions away from the separation shown in Fig- 
ure 23, no contamination was metallographically apparent. However, the System lb 
sample exposed only to 2100 F:1400 F showed a precipitate phase extending about 
2 mils beneath the undefected tungsten barrier layer, 
contamination present at the substrate surface exceeded the solubility limit at 
1400 F, but not at 2100 F. 
graphic evidence of contamination after both treatments, 
The results of these tests are shown in Table 10. 
Separation of the cladding at the tungsten: 
This separation may have occurred during sectioning for 
This suggests that metallic 
The companion specimens of Syqtem 2b showed metallo- 
Several samples were examined to gain an insight into the factors affect- 
i rg  cracking of the tungsten and contamination of the chromium substrate. 
included a number of the oxidation samples already described as well as a few sam- 
ples prepared primarily for bend testing, 
cause of the longer oxidation time they received. 
made between Systems lb and 2b, both of which were clad with aluminized Ni-20Cr-20W 
and had a 1.5-mil-thick tungsten barrier layer. System 2b samples contained a plat- 
inum compatibility layer whereas System lb did not. 
These 
These latter samples were included be- 
The primary comparisons were 
Although some loss of tungsten has occurred as indicated by the thickness 
measurements of the barrier layer in Table 11, the amount of l o s s  is small at 2100 F. 
No consistent change with time at 2100 F is apparent suggesting that most of the 
loss in tungsten occurred during processing of the sample, 
develop under cracks in the tungsten barrier. The appearance of the pitting and 
contamination observed in these samples after 600 hours oxidation exposure at 2100 F 
is shown in Figures 24 and 25. Examination of the data for Systems lb and 2b in 
Table 11 suggests that the tendency for cracking of the tungsten and pitting in the 
chromium is partially related to the number of thermal cycles. (Sample 11-20 is 
believed to have developed separation at the barrier:chromium interface early in 
the test. 
the pit spacing is smallest in those samples (1-16 and 11-17) having the most number 
of cycles. 
the oxidation time. This is illustrated in Figure 26. The depths of both pitting 
and contamination appeared to vary with the square root of time (d,t1I2). 
the differences were slight, System lb showed slightly less contamination than 2b, 
suggesting that the presence of platinum may be undesirable. 
Chromium pits tended to 
A good measurement of pit spacing and depth could not be made.) Thus, 
The depth of pitting and the depth of contamination appear related to 
Although 
Considerable interface pitting or separation was also observed in these 
samples. This was of two types, separation along the c1adding:barrier interface 
and separation along the barrier:chromium interface. These two types of separa- 
tion are shown in Figures 19 and 23, respectively. Separation along the barrier: 
N 
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TABLE 10. WEIGHT G A I N  DURING INTERMEDIATE TEMPERATURE OXIDATION 
Weight Gain, mg/cm2,  d u r i n p  s t a t i c  o x i d a t i o n  
System Number 100 h r  2100 F 100 h r  1400 F 60 h r  2100 F 
Sample 1st Exposure,  2nd Exposure,  3 rd  Exposure,  
l b  I- 18 0.8 0.01 - 
1-17 0.6 0.01 0.4 
2b 11-2 3 0.8 0.00 
11-21 0.8 0.01 
- 
0.3 
Note: Samples were a i r  cooled t o  room tempera ture  a f t e r  each 
exposure  pe r iod .  
50 
lOOX 5B232 
N i  a l l o y  
C r  a l l o y  
FIGURE 23. APPEARANCE OF SYSTEM l b  SAMPLE AFTER 
OXIDATION AT 2100 F FOR 100 HOURS, 
1400 F FOR 100 HOURS, AND 2100 F FOR 
60 HOURS (1-17)  
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lOOX 5 B 2 3 4  
N i  a l l o y  
- 
B a r r i e r  
C r  a l l o y  
FIGURE 24. MICROSTRUCTURE O F  SYSTEM l b  SAMPLE (1-19 
AFTER CYCLIC OXIDATION FOR 600 HOURS AT 
2100 F (PO-HOUR CYCLES) 
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500X 5B237 
FIGURE 25. MICROSTRUCTURE OF SYSTEM 2b SAMPLE (11-20) 
AFTER CYCLIC OXIDATION FOR 600 HOURS AT 
2100 F (20-HOUR CYCLES) 
Oxalic acid electrolytic etch. 
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chromium i n t e r f a c e  may have occur red  d u r i n g  sample s e c t i o n i n g  f o r  me ta l log raph ic  
examinat ion.  
t o  exposure  t i m e  t h a n  t o  number of  cyc le s .  
t e r f a c e  was similar i n  bo th  systems. 
System 2b, a g a i n  s u g g e s t i n g  t h a t  p l a t inum may be  harmful.  
A s  shown i n  Tab le  11, b o t h  t y p e s  of s e p a r a t i o n  appeared r e l a t e d  more 
S e p a r a t i o n  of t h e  b a r r i e r : c l a d d i n g  i n -  
Barrier:chromium s e p a r a t i o n  w a s  g r e a t e r  i n  
Data f o r  two o t h e r  systems,  11 and 12 ,  are a l s o  g iven  i n  Tab le  11. Both 
appea r  s u p e r i o r  t o  Systems l b  and 2b from t h e  s t a n d p o i n t  of d u r a b i l i t y  of t h e  sys tem 
under  c y c l i c  o x i d a t i o n  c o n d i t i o n s  a t  2100 F, 
l a y e r  i s  less and t h e  depth  of  v i s i b l e  contaminat ion  i s  less. Ne i the r  system was 
f r e e  from b a r r i e r  l a y e r  d e f e c t s  a f t e r  o x i d a t i o n  exposure,  however. 
The c r a c k  frequency i n  t h e  b a r r i e r  
The e x t e n s i v e  v i s u a l  contaminat ion  and p i t t i n g  observed i n  t h e s e  samples 
E l e c t r o n  microprobe a n a l y s e s  were made i n  t h e  v i c i n i t y  of a p i t  i n  
s u g g e s t e d ' t h a t  s i g n i f i c a n t  i n t e r d i f f u s i o n  of c l add ing  and chromium a l l o y  e lements  
w a s  occu r r ing ,  
a System l a  sample. 
t i o n  exposure a t  2100 F. F i g u r e  27 shows t h e  v a r i a t i o n  i n  N i ,  C r ,  and W nea r  a 
c r a c k  i n  t h e  tungs ten .  
o f  aluminum was n o t  p o s s i b l e  w i t h  t h e  p a r t i c u l a r  i n s t rumen t  used. 
c a t e d  are  r e l a t i v e  i n t e n s i t y ,  no t  weight  pe rcen t .  The c l add ing  l a y e r  shows t h e  
expec ted  a l l o y  v a r i a t i o n ,  w i t h  o c c a s i o n a l  h igh  tungs t en  areas as second-phase pa r -  
t i c l e s  are  t r ave r sed .  It appea r s  t h a t  chromium c o n t e n t  i n c r e a s e s  as t h e  b a r r i e r  i s  
approached s u g g e s t i n g  d i f f u s i o n  from t h e  chromium a l l o y  i n t o  t h e  c l a d d i n g  a l l o y .  
The n i c k e l  c o n t e n t  d e c r e a s e s  nea r  t h e  b a r r i e r  l a y e r .  Very l i t t l e  d i f f u s i o n  of 
t u n g s t e n  i n t o  the c l add ing  a l l o y  i s  observed. Some n i c k e l  and a lesser amount of 
chromi.um have a p p a r e n t l y  d i f f u s e d  i n t o  t h e  tungs t en  b a r r i e r .  The chromium a l l o y  
shows a s i g n i f i c a n t  l o s s  of chromium nea r  t h e  b a r r i e r  l a y e r ,  and a n  i n c r e a s e  i n  
t u n g s t e n  and n i cke l .  Tungsten p e n e t r a t i o n  i n t o  t h e  a l l o y  was only  about  1 m i l ,  
b u t  n i c k e l  w a s  d e t e c t e d  4 m i l s  below t h e  b a r r i e r .  A second t r a v e r s e ,  made through 
the d i s c o n t i n u i t y  i n  the barrier l a y e r ,  i s  shown i n  F i g u r e  28. This  traverse i s  
similar t o  t h a t  shown i n  F i g u r e  27, The p r i n c i p a l  d i f f e r e n c e s  are a g r e a t e r  i n c r e a s e  
of chromium i n  t h e  c l add ing  l a y e r  and d e p l e t i o n  o f  chromium t o  a g r e a t e r  dep th  i n  the 
base  metal. 
The sample examined, 1-5, had r e c e i v e d  200 hour s  c y c l i c  oxida- 
The c l add ing  l a y e r  was a luminized  Ni-20Cr-20WY b u t  d e t e c t i o n  
The v a l u e s  i n d i -  
The microprobe a n a l y s e s  show major  d i f f u s i o n  is  o c c u r r i n g  a c r o s s  the b a r -  
rier l a y e r ,  chromium d i f f u s i n g  i n t o  t h e  c l add ing  l a y e r  from t h e  a l l o y  and n i c k e l  
d i f f u s i n g  i n t o  t h e  a l l o y  from the c l add ing  l a y e r .  Some tungs ten  d i f f u s i o n  i n t o  t h e  
a l l o y  from t h e  b a r r i e r  i s  a l s o  apparent .  Although i t  i s  f e l t  t h a t  d i f f u s i o n  w a s  
favured by t h e  d i s c o n t i n u i t i e s  i n  t h e  tungs t en ,  microprobe a n a l y s i s  made on a 
c r a c k - f r e e  sample of System l b  (1-17) showed some t r a n s f e r  of  m a t e r i a l  a c r o s s  t h e  
b a r r i e r  l a y e r .  The dep th  of  p e n e t r a t i o n  was less, however. Nicke l  w a s  d e t e c t e d  
about  1 m i l  i n t o  t h e  chromium a l l o y .  Aluminum 
d i s t r i b u t i o n  w a s  a l s o  examined u s i n g  a more s e n s i t i v e  microprobe in s t rumen t .  
f o r  t r a c e  i n d i c a t i o n s  i n  i n t e r m e t a l l i c - l i k e  i n c l u s i o n s  near  t h e  c l add ing  s u r f a c e s ,  
no aluminum w a s  d e t e c t e d  i n  t h e  c l add ing  a l l o y .  A c y c l i c a l l y  ox id i zed  sample of 
System 11 ( X I - 1 )  was a l s o  examined u s i n g  t h e  microprobe. Th i s  sample w a s  c racked ,  
b u t  n o t  t oo  s e v e r e l y .  The traverse was made i n  a c r a c k - f r e e  area. Nicke l  w a s  n o t .  
d e t e c t e d  i n  the chromium a l l o y  (a  1 . 5 - m i l  b a r r i e r  l a y e r  of t ungs t en  w a s  p r e s e n t )  
and  t h e  chromium d e p l e t i o n  nea r  t h e  b a r r i e r  w a s  small  and extended on ly  about  0.5 
t o  0.75 m i l s  i n t o  t h e  a l l o y .  
Tungsten was d e t e c t e d  t o  3 / 4  m i l .  
Except 
A f u r t h e r  i n d i c a t i o n  of t h e  contaminat ion  o c c u r r i n g  i n  t h e  s u b s t r a t e  
Two traverses were made f o r  each 
through t h e  b a r r i e r  l a y e r  and i t s  r e l a t i o n s h i p  t o  c racks  i n  t h e  b a r r i e r  i s  shown 
by t h e  microhardness  d a t a  g iven  i n  Table  12. 
sample,  one below a c r a c k  i n  t h e  b a r r i e r  l a y e r  and one below a c r a c k - f r e e  r e g i o n  
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in the barrier. 
in the barrier as when the barrier is crack free. 
qccurs when no barrier is present is shown in the last column in this table. Con- 
tamination exceeded a depth of 7 mils in this case. 
Contamination is often evident about 3 times as deep below a crack 
The rapid contamination which 
Samples from Systems la, 4 ,  and 5 were intentionally defected to deter- 
mine the ability of a defected cladding layer to protect the remainder of the sample. 
Thirty-mil-wide saw cuts were made into the cladding to depths of 5, 7, and 10 mils. 
One defected sample from each system was oxidized for 10 hours at 2100 F. 
sample was oxidized for 10 hours at 2100 F, cooled to room temperature, and then re- 
heated for an additional 40 hours at 2100 F. 
after 50 hours at 2100 F is shown in Figure 29. 
It is apparent that the balance of the cladding was not seriously damaged by defect- 
ing even when the defect penetrated into the chromium alloy. 
ination of the defected samples showed up to 10 mils of oxidation of the barrier 
layer when the defect penetrated to the barrier. System la showed the least damage 
and System 5 the most. Little nitrogen contamination of the chromium alloy was 
apparent. Metallographic examination of the region around defects penetrating into 
the chromium alloy showed a small amount of pitting of the chromium alloy beneath 
the defect and some slight surface cracking. However, microhardness measurements 
made beneath the defected area after oxidation showed little change in hardness as 
a result of oxidation. 
A second 
The appearance of the System 4 sample 
The other systems behaved similarly. 
Metallographic exam- 
Oxidation Resistance at 2300 F 
The weight change and protection behavior of samples exposed to cyclic 
oxidation at 2300 F are presented in Table 13, and photographs of representative 
samples from each system are shown in Figure 30. Average weight changes for each 
system are given in Table 14 grouping the samples according to exterior cladding 
material. 
During cyclic oxidation at 2300 F, all specimens developed gross defects 
in the nickel-base claddings at locations 
and the picture frame. This was usually manifested in less than 100 hours, and 
the severity o f  these defects varied from system to system. Whereas at 2100 F, 
the presence of tungsten barrier layers at edges eliminated this type of defecting, 
this technique was not effective at 2300 F. Usually tests were continued substan- 
tially beyond the point where these defects were first noted, as (1) the major 
cladding areas were still in good condition, and (2) this was considered a feature 
of specimen design rather than system behavior. Thus, general behavioral observa- 
tions such as spalling of oxide from unaffected cladding surfaces, oxide color and 
character, and metallographic evaluation were more useful as t o o l s  of evaluation 
than weight change measurements. The latter were in surprisingly good agreement 
with general observations considering the gross problem of edge defecting. 
following comments are based on overall observations. 
over the juncture between the substrate 
The 
Unaluminized Ni-30Cr-clad samples tended to spa11 heavily. System 3, 
containing platinum, showed more extensive spalling than System 11. System 11 
(platinum-free) developed a much darker appearing oxide. 
clad samples tended to show a large weight gain. As shown in Figure 30, these 
samples developed a fairly heavy oxide. 
as illustrated in Figure 30, apparently by embrittlement of the cladding layer by 
rhenium diffusion. In System 5 where platinum was present, samples did not show 
The aluminized Ni-30Cr- 
The System 6 samples failed quite rapidly, 
60 
5x 5A862 
FIGURE 29. APPEARANCE OF THE SURFACE OF A 
SAMPLE FROM SYSTEM 4 (IV-11) 
AFTER 50 HOURS OXIDATION AT 2100 F 
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TABLE 14. SUMMARY OF WEIGHT CHANGES DURING CYCLIC 
OXIDATION AT 2300 F 
Compatibility Barrier Weight Gain in 
System Cladding Layer( '1 Layer Layer ( 1) 100 hr, mg/cm2 
11 
3 
4 
7 
8 
6 
5 
la 
2a 
lb 
2b 
12 
10 
9 
Unmodified Ni-30Cr 
1C mil Ni-30Cr - 1.5 mil W 
0.5 mil Pt 0.5 mil W Ditto 
Aluminized Ni-30Cr 
5 mil Ni-30Cr:5A1 0.5 mil Pt 0.5 mil W 
Ditto Ditto 1.0 mil W 
1.0 mil Pt 0.5 mil W 
0.5 mil Pt Ditto 
11 
I 1  
I 1  
" 1.0 mil W-25Re 
Aluminized Ni-20Cr-20W 
5 mil Ni-20Cr-20W: 5A1 I 0.5 mil W 
" 1.5 mil W 
Ditto 0.5 mil Pt Ditto 
0.5 mil Pt Ditto 
I 1  
I 1  
I1 Ditto 2 mil W-lThO2 
2 mil Mo I 1  I t  
I 1  1 mil V 1.5 mil V 
-2.15 
-6.78 
14.0 in 80 hr 
13.0 
Failed in <lo hr 
-1.03 to 10.84 
8.67 
1.54 to 6.17 
1.92 
2.48 to 6.78 
2.01 
-1.41 
0.44 
Failed in <10 hr 
(1) Alloy compositions and aluminum additions given in weight percent. 
64 
System la (1-6) System lb (1-21) System 2a (11-5) 
160-hr test, 20-hr cycles 
System 3 (111-6) System 4 (IV-7) System 2b (11-22) 
System 5 (V-6) 
System 6 (VI-7) 
(oxidized 10 hours) 
System 7 (VII-6) 
FIGURE 30, APPEARANCE OF OXIDATION SAMPLES AFTER 100-HOUR CYCLIC 
EXPOSURE AT 2300 F WITH 2-HOUR CYCLES (UNLESS NOTED 
OTHERWISE) c (  ) = sample number] 
65 
System 8 (VIII-5) 
System 9 (IX-1) 
(oxidized for 2 hours)  
System 10 (X-3) 
System 11 (XI-2) 
System 12 (XII-5) 
FIGURE 30. (continued) 
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embr i t t l emen t  of t h e  c l ad .  
i n g  s p a l l i n g  as t h e  o x i d a t i o n  t i m e  i nc reased .  
Ni-20Cr-20W showed weight g a i n s  t h a t  were s i g n i f i c a n t l y  less t h a n  observed i n  t h e  
a luminized  N i - 3 0 C r  and t h e  ox ides  developed appeared  t h i n n e r  and less c r u s t y .  
S p a l l i n g  began a f t e r  a r easonab ly  s h o r t  t i m e  such t h a t  w i t h i n  200 hours  t h e  weight 
g a i n  was normally less t h a n  that  observed a t  t h e  end of 100 hours .  The o n s e t  of 
s p a l l i n g  was r a t h e r  v a r i a b l e  and may r e f l e c t  small d i f f e r e n c e s  i n  aluminum con ten t .  
The p resence  of p l a t inum i n  Systems 2a,  2b, 10, and 12 appeared t o  r e s u l t  i n  more 
r e p r o d u c i b l e  weight  changes among d u p l i c a t e  samples as compared t o  the p l a t inum-f ree  
sys tems,  la  and lb .  As shown i n  F i g u r e  30, p l a t inum d i d  n o t  have a l a r g e  e f f e c t  on 
t h e  appearance  of t h e  ox id ized  samples c l a d  w i t h  a luminized  Ni-20Cr-20W. Vanadium 
i n  System 9 r e s u l t e d  i n  t h e  fo rma t ion  of a mol ten  ox ide  and e a r l y  sample f a i l u r e .  
A barrier l a y e r  o f  molybdenum d i d  no t  r e s u l t  i n  any major  change i n  s u r f a c e  appear- 
a n c e  a f t e r  o x i d a t i o n  a t  2300 F as can  be s e e n  by comparing Systems 10 and 12 i n  
F i g u r e  30. 
As sugges ted  i n  Tab le  14, t h e s e  systems showed i n c r e a s -  
The samples c l a d  w i t h  a luminized  
Meta l log raph ic  examinat ion  R€ t h e  samples a f t e r  c y c l i c  o x i d a t i o n  a t  2300 F 
showed e x t e n s i v e  c rack ing ,  p i t t i n g ,  and i n t e r d i f f u s i o n  a t  t h e  j u n c t i o n  between c l a d -  
d i n g  and a l l o y .  F i g u r e  31 shows t h e  s t r u c t u r e  of a System l b  sample a f t e r  240 hours  
o x i d a t i o n  a t  2300 F. Reac t ion  p roduc t  i s  v i s i b l e  on bo th  s i d e s  of t h e  t u n g s t e n  ba r -  
rier which shows e x t e n s i v e  cracking.  Severe  con tamina t ion  of t h e  chromium-base 
a l l o y  f o r  some dep th  below t h e  i n t e r f a c e  i s  a l s o  p r e s e n t .  
S e v e r a l  of t h e  samples were examined t o  de t e rmine  t h e  e f f e c t s  of exposure 
t i m e  and c y c l e  f requency  on t h e  dep th  of Contamination, c r a c k  f requency ,  and o t h e r  
m i c r o s t r u c t u r e  changes. These r e s u l t s  are p r e s e n t e d  i n  Table  15. Both t h e  System 
l b  and 2b samples showed a p r o g r e s s i v e  loss of b a r r i e r  w i t h  t i m e .  The p resence  of 
p l a t inum appeared t o  a c c e l e r a t e  t h e  rate of b a r r i e r  s o l u t i o n .  P i t t i n g  and contam- 
i n a t i o n  a l s o  i n c r e a s e d  w i t h  t i m e  of exposure,  A s  shown i n  F i g u r e  32, bo th  Systems 
l b  and 2b showed about  t h e  same rate of contaminat ion ,  
i n c r e a s i n g  w i t h  t i m e  acco rd ing  t o  t h e  r e l a t i o n s h i p  d-tlF2. The ra te  of p i t  growth 
appea r s  t o  be more r a p i d  i n  System 2b than i n  System l b ,  a l though  t h e  t i m e  r e q u i r e d  
f o r  p i t s  t o  form i s  a p p a r e n t l y  g r e a t e r  i n  System 2b t h a n  l b .  As was observed a f t e r  
c y c l i c  o x i d a t i o n  a t  2100 F,  t h e  spac ing  of c r a c k s  i n  t h e  tungs t en  b a r r i e r  l a y e r  i s  
a t  least  p a r t i a l l y  r e l a t e d  t o  t h e  number of cyc le s .  However, contaminat ion  was 
q u i t e  uniform and d i d  n o t  appea r  r e l a t e d  t o  t h e  number of c r acks .  
t h a t  i f  no c racks  were p r e s e n t ,  contaminat ion  would have been somewhat reduced, 
I n t e r f a c e  s e p a r a t i o n  was q u i t e  e x t e n s i v e  w i t h  longe r  exposures.  No s i g n i f i c a n t  
d i f f e r e n c e s  e x i s t e d  between Systems l b  and 2b i n  t h i s  r e s p e c t .  Both Systems 11 and 
12 developed fewer c r a c k s  i n  t h e  b a r r i e r  l a y e r  t h a n  might have been expec ted  from 
t h e  r e s u l t s  observed f o r  Systems l b  and 2b. The contaminat ion  ra tes  were about  t h e  
same, however, 
t i o n  i n  System 12. 
he  dep th  of contaminat ion  
It i s  p o s s i b l e  
O f  p a r t i c u l a r  no te  i s  t h e  r e s i s t a n c e  o f  t h e  W-lTh02 b a r r i e r  t o  solu- 
The appearance  o f  t h e  i n t e r f a c i a l  r e g i o n  of f o u r  samples a f t e r  100 hours 
c y c l i c  exposure  a t  2300 F is shown i n  F i g u r e  3 3 .  D i f f e r e n c e s  i n  appearance  i n  t h e  
con tamina t ion  r e g i o n  p robab ly  r e f l e c t  d i f f e r e n c e s  i n  type and l e v e l  of contamina- 
t i o n .  
region.  Th i s  i s  a t t r i b u t e d  t o  extreme embr i t t l emen t  of t h e  b a r r i e r  l a y e r  by d i f f u -  
s i o n ,  
The System 10 sample showed e x t e n s i v e  f r agmen ta t ion  i n  t h e  molybdenum b a r r i e r  
The e x t e n s i v e  p i t t i n g  observed i n  System 2b i s  a l s o  r e a d i l y  apparent .  
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1oox 5B230 
500X 5B231 
FIGURE 31. MICROSTRUCTURE OF SYSTEM lb SAMPLE AFTER 
CYCLIC OXIDATION FOR 240 HOURS AT 2300 F 
USING 20-HOUR CYCLES (1-20) 
Ni al loy 
Barrier 
- 
C r  a l loy 
Electrolyt ic  oxalic acid etch. 
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lOOX S y s t e m  2b (11-22) 5 B 2 1 9  
1oox S y s t e m  12 ( X I I - 5 )  5 B 2 2 8  
FIGURE 33. APPEARANCE O F  SAMPLES AFTER CYCLIC OXIDATION 
A T  2300 F FOR 100 HOURS USING 2-HOUR'CYCLES 
E l e c t r o l y t i c  oxalic ac id  etch.  
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Ni alloy 
Cr alloy 
1oox System 10 (X-3) 5B220 
1oox System 11 (XI-2) 5B224 
FIGURE 33. (continued) 
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Barrier l a y e r  s o l u t i o n  a t  2300 F a p p a r e n t l y  was a major  f a c t o r  i n  t h e  poor  
The W-25Re b a r r i e r  used i n  Systems 5 and 6 was z a p i d l y  
Thinner  t u n g s t e n  b a r r i e r s  were a l s o  comple te ly  
It i s  appa ren t  t h a t  t h e  maintenance of a n  e f f e c -  
The p r e s e n t  work 
S i n c e  t h e  p la t inumcom- 
behavior  of c e r t a i n  systems. 
d i s s o l v e d  as shown i n  F i g u r e  34. 
d i s s o l v e d  as shown i n  F i g u r e  35. 
t i v e  b a r r i e r  l a y e r  d u r i n g  c y c l i c  o x i d a t i o n  i s  a major  problem. 
s u g g e s t s  t h a t  a W-lThO2 b a r r i e r  may b e  necessa ry  t o  i n s u r e  t h a t  s o l u t i o n  does n o t  
occur  d u r i n g  exposure p e r i o d s  of  several hundred hours .  
p a t i b i l i t y  l a y e r  appea r s  t o  accelerate s o l u t i o n  of t h e  tungs t en ,  t h i s  l a y e r  is  pro-  
bab ly  undes i r ab le .  
N i t r i d i n g  was observed  i n  a l l  samples c y c l i c a l l y  ox id i zed  a t  2300 F f o r  
100 hour s  o r  more. 
b u t  was p r e s e n t  a t  g r a i n  boundar ies  and as need le s  w i t h i n  t h e  g r a i n s  throughout  t h e  
sample t h i c k n e s s ,  Ana lys i s  
f o r  n i t r o g e n  w a s  made on several samples ox id i zed  a t  2300 F. The r e s u l t s  are l i s t e d  
below: 
The amount of n i t r i d i n g  appeared t o  b e  h e a v i e s t  nea r  t h e  s u r f a c e ,  
The appearance  of t h e  n i t r i d i n g  i s  shown i n  F i g u r e  36. 
Sample Time a t '  Ni t rogen  
System Number 2300 F ,  h r  Content ,  ppm 
Base " None 50 
l b  1 - 2 1  160 1800 
10 x- 3 100 570 
11 XI-2 100 2200 
It i s  obvious t h a t  s e r i o u s  contaminat ion  i s  p r e s e n t .  A t  least  p a r t  of the n i t r o g e n  
contaminat ion  may r e s u l t  from edge o r  c o r n e r  d e f e c t s .  However, as shown i n  F i g u r e  
37,  it appea r s  t h a t  t h e  n i t r i d i n g  from t h i s  sou rce  i s  l i m i t e d  t o  t h e  v i c i n i t y  o f  
t h e  edge and c o r n e r  tears. Thus, t h e  p r e s e n t  r e s u l t s  sugges t  that  t h e  metal l ic  
c l a d d i n g  sys tems are n o t  adequate  t o  p reven t  n i t r o g e n  contaminat ion  a t  2300 F. 
Bend Eva lua t ion  
Bend tests were conducted acco rd ing  t o  MAB s p e c i f i c a t i o n s  as o u t l i n e d  
earlier. During bending,  l o a d - d e f l e c t i o n  cu rves  were ob ta ined ,  t y p i c a l  examples 
of which are shown i n  F i g u r e  38. Four g e n e r a l  t y p e s  of behav io r  were observed 
which may b e  d e s c r i b e d  w i t h  r e f e r e n c e  t o  F i g u r e  38. I n  Type 1 l o a d - d e f l e c t i o n  
curves ,  complete  sample f a i l u r e  occurred  upon crack i n i t i a t i o n .  The amount of 
d e f l e c t i o n  b e f o r e  f a i l u r e  v a r i e d  a p p r e c i a b l y ,  however. I n  Type 2 curves ,  t h e  sam- 
p l e  wi ths tood  s i g n i f i c a n t  bending a f t e r  i n i t i a l  c r ack ing ,  b e f o r e  f i n a l  f a i l u r e .  
Type 3 curves  were similar t o  Type 2 except  t h a t  t h e  samples d i d  no t  f a i l  w i t h i n  
t h e  l i m i t i n g  d e f l e c t i a n  p o s s i b l e  i n  t h e  equipment.* Type 4 curves  r e p r e s e n t  t h e  
bend behavior  of a comple te ly  d u c t i l e  sample. The bend a n g l e s  were c a l c u l a t e d  from 
t h e  l o a d - d e f l e c t i o n  cu rves  assuming no e las t ic  deformat ion  i n  t h e  sample. 
a n g l e  f o r  i n i t i a t i o n  of c r a c k i n g  and f o r  f i n a l  f a i l u r e ,  as w e l l  as t h e  t y p e  of load-  
d e f l e c t i o n  cu rves ,  are r e p o r t e d  t o  d e s c r i b e  t h e  bend behavior  of t h e  materials eval- 
uated.  
The 
JcMore r e c e n t  work has i n d i c a t e d  t h a t  l o a d - d e f l e c t i o n  cu rves  similar t o  t h e  Type 3 
curves  can  r e s u l t  from s t i c k i n g  of t h e  sample a g a i n s t  t h e  bend equipment as w e l l  
as from minor s u r f a c e  c racking .  The re fo re ,  t h e  e x a c t  i n t e r p r e t a t i o n  of t h e  load-  
d e f l e c t i o n  cu rves  where minor i r r e g u l a r i t i e s  occur  i s  i n  doubt .  
7 3  
N i  a l l o y  
B a r r i e r  
C r  a l l o y  
5 0 0 X  A s  pol ished 6 A 0 5  1 
FIGURE 34, SOLUTION OF W-25 WEIGHT PERCENT R e  
BARRIER I N  A SYSTEM 5 SAMPLE CYCLIC- 
ALLY OXIDIZED FOR 10 HOURS A T  2300 F 
7 4  
N i  a l l o y  
- Probab le  
o r i g i n a l  b a r r i e r  
l o c a t i o n  
C r  alloy 
- 
250X (a) System 3--200-hour exposure  (111-7) 68696 
N i  a l l o y  
Barrier 
C r  a l l o y  
2K)x 8A781 
(b) System 7--100-hour exposure  (VII-6) 
FIGURE 35. SOLUTION OF 0.5-MIL TUNGSTEN 
BARRIER DURING CYCLIC OXIDATION 
AT 2300 F 
75 
lOOX 5 B 2  16 
5 0 0 X  (from region well below surface 5 B 2  17 
contamination shown above) 
N i  alloy 
Cr alloy 
FIGURE 36. N I T R I D I N G  O F  A SYSTEM lb SAMPLE CYCLICALLY 
O X I D I Z E D  40 HOURS AT 2300 F (1-22) 
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4 0 X  8B625 
8B626 
FIGURE 37. N I T R I D I N G  I N  A SYSTEM l b  SAMPLE 
CYCLICALLY OXIDIZED 40 HOURS AT 2300 F 
E l e c t r o l y t i c  oxalic ac id  etch. 
77 
Calculated Bend Angle, degrees 
20 40 60 80 100 
I I I 
Sample II - 31 
Crack initiation and 
immediate failure 
v) 
U c 
1 
0 a 
c 
-a 
0 
0 
-J 
IOC 
0 
IO0 
C 
IOC 
0 
100 
C 
Sample 1-31 
Test halted I 
Sample IlI -12 
Corn p le te I y duct i le 
I I I Type 4 
0.2 0.4 0.6 0.8 
Ram Travel, inch A.57365 
F I G U R E  38.  T Y P I C A L  L O A D - D E F L E C T I O N  C U R V E S  
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A s  a means of checking out the equipment, several unclad chromium samples 
were tested. These samples showed either Type 1 or Type 4 load-deflection curves. 
Samples were tested either as received, after recrystallization at 2100 F, or after 
oxidation for 2, 10, and 25 hours at 2100 F. The results of the bend tests on the 
unclad chromium-5 tungsten material are shown in Table 16. Both the as-received 
and recrystallized material showed a transition from ductile to brittle behavior 
between 500 and 600 F. 
which is in reasonable agreement with the present results considering the small 
number of samples tested and probable differences in specimen preparatinn. The 
recrystallized material appeared to have a slightly lower transition temperature 
than the wrought as-received material which was contrary to expectations. 
cipated, oxidation at 2100 F increased the ductile-brittle transition quite signi- 
ficantly. For times up to about 25 hours, the transition temperature appeared to 
inc ease linearly with the square root o 
ktlf2, with To = 550 F and k = 150 F/hrlf2). The samples showed either Type 1 or 
Type 4 load-deflection curves, and failure occurred at low bend angles in brittle 
material . 
A value of 440 F was reported by the supplier (see Table 2) 
A s  anti- 
oxidation time at 2100 F (DBTT = To I- 
A number of clad samples were oxidized at 2100 F using 20-hour oxidation 
cycles in preparation for bend testing. The oxidation behavior of these samples is 
given in Table 17. A s  observed previously during examination of oxidation behavior, 
a significant amount of variability in weight gain results were observed. 
properties of these samples are given in Table 18. Because of the poor bend proper- 
ties observed, not all samples which were oxidized were bend tested. The ductile- 
brittle transition temperature of all systems examined was degraded by cyclic oxi- 
dation at 2100 F. This undoubtedly is traceable to the metallic contamination of 
the chromium-5 tungsten alloy which occurred during cyclic oxidation by diffusion 
of cladding material through the tungsten diffusion barrier. A further indication 
that this is the case is the frequency oi. Type 2 and 3 load-deflection curves shown 
in Table 18. These curves are believed to be the result of early surface cracking 
followed by crack arrest in the more ductile matrix. The microstructure of a bend 
sample showing the Type 3 load-deflection curve is shown in Figures 39 and 40. It 
can be seen that cracks are originating at the barrier 1ayer:chromium alloy inter- 
face, but not progressing too deeply into the chromium alloy. Deformation is evi- 
dent in the chromium alloy, reflecting its basic ductility. 
Bend 
Since some ductility must be present for observation of Types 2 and 3 
load-deflection curves, it is possible to obtain an approximate indication of the 
relative ductility of the various cladding systems by noting the transition from 
Type 1 to Type 2, 3,  or 4 load-deflection curves. 
the ductility transition is presented below. 
A tabulation of the location of 
Ductility 
System Time, hr Temp,, F 
Oxidation Transition 
la 
lb 
2a 
2b 
3 
4 
5 
6 
100 
300 
100 
300 
100 
100 
100 
100 
1000-1200 
1200- 1400 
1000- 1200 
1400- 1600 
800-1000 
1400- 1600 
1500-1600 
>1600 
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TABLE 16.  BEND PROPERTIES OF CHROMIUM-5 WEIGHT PERCENT TUNGSTEN ALLOY 
(Heat 64-100) 
Bend Angle Type of  Load- 
Bend (degrees)  D e f l e c t i o n  
Condi t ion  Temp., F a t  F a i l u r e  Curve(’) 
As-received 500 <10 1 
600 >loo 4 
R e c r y s t a l l i z e d  a t  2100 F 500 70 1 
f o r  2 hours  6 00 31 00 4 
Oxidized 2 hour s  a t  6 00 <10 1 
2100 F 800 >loo 4 
1000 >loo 4 
Oxidized 10 hour s  a t  1000 <10 1 
2100 F 1100 >loo 4 
1200 >loo 4 
Oxidized 25 hour s  a t  1100 <lo  1 
2100 F 1200 >loo 4 
(1) Load-de f l ec t ion  cu rves  are i l l u s t r a t e d  i n  F i g u r e  38. 
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TABLE 18. BEND TEST RESULTS FOR SAMPLES CYCLICALLY OXIDIZED AT 2100 F 
Bend Type  of Load- 
Sample Oxida t ion  Temp., Bend Angle (degrees)  a t  D e f l e c t  i o n  
System Number Time, hr F Crack I n i t i a t i o n  F a i l u r e  ~ u r v e ( 3 )  
l a  
l b  
2a 
2b 
3 
4 
5 
6 
I- 10 
-14 
-13 - 12 
-11 
1-28 
-29 
-30 
-31 
11- 11 - 16 
-15 - 14 
-13 
-12 
11-30 
-31 
-32 
-33 
-49( 1) 
111-13 
-12 
-8 
-11 
-10 
-9 
IV- 13 - 16 
-15 - 14 
v- 12 
-10 - 11 
VI-9 
-8 
100 
I t  
I 1  
I t  
I 1  
300 
11 
11 
11 
100 
I t  
t I  
I I  
I t  
I 1  
300 
I t  
I 1  
11 
600 
100 
I I  
I 1  
11 
I t  
I I  
100 
I 1  
I t  
I t  
100 
I t  
I t  
100 
I f  
7 00 
1000 
1200 
1400 
1600 
1000 
1200 
1400 
1600 
75 
8 00 
1000 
1200 
1400 
1600 
1000 
1200 
1400 
1600 
800 
800 
1000 
1000 
1200 
1400 
1600 
1200 
1200 
1400 
1600 
1400 
1500 
1600 
1400 
1600 
<LO 
30 
45 
45 
30 
<10 
15 
30 
50 
<5 
10 
55 
30 
45 
50 
<5 
<5 
30 
40 
<5 
10  
>110 
<30 
30 
65 
50 
€5 
<10 
20 
3105 
<10 
<10 
20 
€5 
30 
<10 
30 
75 
45 
30 
<10 
15 
45 
3100 
<5 
10 
55 
7110 
>110 
90 
<5 
<5 
30 
>lo5 
<10 
10 
>110 
(2) 
>lo5 
65 
>120 
10 
< l o  
20 
3105 
<lo 
<10 
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20 
30 
1 
1 
2 
1 
3 
1 
1 
2 
3 
1 
1 
1 
3 
3 
2 
1 
1 
1 
3 
1 
1 
4 
3 
1 
3 
2 
1 
1 
4 
1 
1 
2 
2 
1 
- 
(1) 
(2)  
(3) See F i g u r e  38 f o r  i l l u s t r a t i o n  Of f o u r  types  of curves .  
Sample t e s t e d  wi thou t  removing p i c t u r e  frame, 
T e s t  h a l t e d  a t  30 degrees .  
8 2  
2 5 X  1 B 5 5 6  
FIGURE 39. MICROSTRUCTURF, OF  BEND SAMPLE 11-14 
System 2a, ox id ized  100 hours a t  2100 F 
and  bend tested a t  1200 F. 
8 3  
i er 
2 5 0 X  (a) P i t t e d  r e g i o n  1 B 5 6 2  
2 5 0 X  (b) Cracked r e g i o n  1 B 5 6 3  
FIGURE 40, STRUCTURE OF TENSION SIDE OF BEND S W L E  
11-14 (see F i g u r e  39) 
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Examination of Table  18 shows t h a t  t h e r e  i s  some q u e s t i o n  about  t h e  e x a c t  placement 
of t h e  d u c t i l i t y  t r a n s i t i o n .  Th i s  is  b e l i e v e d  t o  r e s u l t  from s l i g h t  d i f f e r e n c e s  
between supposedly  similar samples. 
r e a s o n a b l e  i n t e r p r e t a t i o n  of t h e s e  d a t a  b u t  must be  examined w i t h  cau t ion .  
The above l i s t i n g  i s  b e l i e v e d  t o  r e p r e s e n t  a 
These d a t a  sugges t  some conc lus ions  r e g a r d i n g  t h e  r e l a t i v e  bend d u c t i l i t y  
of t h e  v a r i o u s  c l a d d i n g  systems. P la t inum,  f o r  example, was p r e s e n t  i n  Systems 2a,  
2b, and 5 b u t  n o t  i n  Systems la ,  l b ,  o r  6. Systems l a  and 2a,  ox id i zed  f o r  100 
hour s ,  appear  t o  behave s i m i l a r l y  a l though ,  as s e e n  i n  Table  18, System 2a i s  
s l i g h t l y  more d u c t i l e  t h a n  System la. System 2b i s  i n f e r i o r  t o  System l b  a f t e r  
300 h o u r s ' o x i d a t i o n ,  and System 6 i s  i n f e r i o r  t o  5 a f t e r  100 hours '  ox ida t ion .  
S i n c e  t h e s e  t h r e e  p a i r s  of c l a d d i n g  systems were similar except  f o r  t h e  p re sence  
of p la t inum,  i t  appea r s  t h a t  p l a t inum has no c o n s i s t e n t  e f f e c t  on bend d u c t i l i t y  
a f t e r  o x i d a t i o n  exposure  a t  2100 F. Systems 2a,  3, and 4 are s imilar  excep t  f o r  
t h e  o u t e r  c l a d d i n g  l a y e r ,  a luminized  Ni-20Cr-20W i n  System 2a, unmodified Ni-30Cr 
i n  System 3, and a luminized  Ni-30Cr i n  System 4. It appea r s  t h a t  System 4 i s  
c o n s i d e r a b l y  i n f e r i o r  t o  t h e  o t h e r  two w i t h  r e s p e c t  t o  bend d u c t i l i t y  a f t e r  c y c l i c  
o x i d a t i o n  a t  2100 F. System 3 appea r s  s l i g h t l y  s u p e r i o r  t o  System 2a, bu t  a c l o s e  
examination of t h e  d a t a  i n  Tab le  18 i n d i c a t e s  t h a t  t h e  d i f f e r e n c e  between t h e  bend 
d u c t i l i t y  of t h e s e  two systems a f t e r  c y c l i c  ox ida t ion  a t  2100 F i s  small. 
It was cons ide red  p o s s i b l e  t h a t  t h e  poor bend d u c t i l i t y  observed i n  t h e  
samples ox id i zed  a t  2100 F might  be due t o  c r a c k i n g  in t roduced  i n t o  t h e  samples 
d u r i n g  removal of t h e  Ni-30Cr p i c t u r e  frame assembly and g r i n d i n g  of t h e  sample 
edges. One sample, 11-49, was, t h e r e f o r e ,  bend t e s t e d  a t  800 F wi thou t  removal of 
t h e  p i c t u r e  frame assembly. A s  shown i n  Table  18, t h i s  sample a l s o  f a i l e d  i n  a 
b r i t t l e  manner. Th i s  i n d i c a t e s  t h a t  b r i t t l e  f a i l u r e  was most p robab ly  t h e  r e s u l t  
of damage occur ing  du r ing  o x i d a t i o n  exposure  r a t h e r  t h a n  sample p r e p a r a t i o n .  
Comparison of t h e  rate of d e g r a d a t i o n  of t h e  bend t r a n s i t i o n  tempera ture  
by o x i d a t i o n  a t  2100 F of unpro tec t ed  and c l a d  Cr-5W i s  tenuous because  of t h e  
l i m i t e d  data .  Nonethe less ,  such a comparison i n d i c a t e s ,  as shown i n  F i g u r e  41, 
that even l a c k i n g  a c l a d d i n g  sys tem t h a t  m a i n t a i n s  i t s  i n t e g r i t y  i n  c y c l i c  oxida- 
t i o n  exposure ,  t h e  ( p a r a b o l i c )  rate of d e g r a d a t i o n  i n  c l a d  sys t ems  appea r s  t o  be 
roughly  1/3 t h a t  of unpro tec t ed  chromium, 
between contaminat ion  by n i t r o g e n  v e r s u s  contaminat ion  by c l add ing  metals. 
This  presumably relates t o  t h e  d i f f e r e n c e  
Ox ida t ion  d a t a  f o r  samples exposed a t  2300 F are g iven  i n  Tab le  19 and 
t h e  r e s u l t s  of bend tests on t h e s e  samples are g iven  i n  Table  20. Again, because  
of t h e  poor  bend d u c t i l i t y  observed, not  a l l  samples which were ox id ized  were bend 
t e s t e d .  A l l  of t h e  systems examined a f t e r  c y c l i c  o x i d a t i o n  a t  2300 F showed v e r y  
poor bend p r o p e r t i e s .  A s  p o i n t e d  o u t  i n  t h e  p r e v i o u s  s e c t i o n ,  c y c l i c  o x i d a t i o n  a t  
2300 F r e s u l t e d  i n  bo th  s e v e r e  metallic contaminat ion ,  up t o  6 m i l s  i n  100 hours ,  
and g e n e r a l  g r a i n  boundary n i t r i d i n g  throughout  t h e  chromium a l l o y  t h i c k n e s s .  O f  
t h e  f o u r  systems e v a l u a t e d ,  System 10 appea r s  t o  have wi ths tood  exposure  a t  2300 F 
t h e  b e s t .  Th i s  sys tem appeared t o  have n i t r i d e d  less s e v e r e l y  t h a n  t h e  o t h e r s  
based upon m e t a l l o g r a p h i c  examination and a n a l y s i s  f o r  n i t r o g e n .  However, i t  i s  
b e l i e v e d  t h a t  t h i s  w a s  due p r i m a r i l y  t o  e a r l y  s e p a r a t i o n  of t h e  c l a d d i n g  from t h e  
chromium a l l o y  caused by embr i t t l emen t  of t h e  b a r r i e r  r e g i o n ,  which probably  re- 
duced t h e  e x t e n t  of metallic contaminat ion  of t h e  chromium a l l o y .  The u s e  of 
System 10 t o  p r o t e c t  chromium a t  2300 F i s  not  cons ide red  p r a c t i c a l .  
85 
Exposure Time, hours 
0 25 100 125 400 625 
I 200 
I O 0 0  
LL 
4. 
t s
E *0° 
Ei 
P 
a> 
c 
0 
v)  c 
.- 
t .- 
600 
U c 
m" 
% 
2 400 
c .- 
c) 
0 c 
H 
200 
0 
0 5 IO 15 20 25 
A .  57366 
I /2 Exposure Time , hours 
FIGURE 41. CHANGE IN BEND-TRANSITION TEMPERATURE AS A 
FUNCTION O F  TIME O F  OXIDATION EXPOSURE AT 
2100 F 
Numbers beside closed points indicate cladding sys tem.  
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TABLE 19. OXIDATION BEHAVIOR OF BEND SAMPLES OXIDIZED AT 
2300 F USING 20-HOUR CYCLES 
Sample Oxidation Weight Gain, 
System Number Time, hr mg/ cm2 Comments 
la 
lb 
2a 
2b 
2c 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Not tested 
Ditto 
11 
11-36 120 
-39 11 
-40 11 
-41 I t  
-49 I 1  
-5 1 
-29 200 
I 1  
11 
I 1  
I 1  
I 1  
- 34 - 35 
-37 - 38 
-42 I 1  
Not tested 
Ditto 
9 I. 
II 
I 1  
I 1  
I t  
9 1  
x- 1 80 
-2 100 
-5 I 1  
I 1  
I 1  
II 
XI-3 
-4 
-5 
I 1  XII- 1 
I I  
I t  
-2 
-3 
2.53 
3.10 
2.63 
2.67 
2.32 
2.00 
3.11 
2.59 
3.84 
3.72 
3.86 
0.94 
Fracture at c1adding:picture frame 
on one end. 
Extensive fracture along cladding: 
Ditto 
picture frame junction. 
11 
I I  
1 1  
I t  
-0.69 Severe blistering occurred. 
0.86 Some blistering. 
1.63 Slight blistering. 
-0.95 
0.93 
-0.03 
2.00 Fracture at c1adding:picture frame 
1.51 
1.35 Ditto 
on one end. 
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TABLE 20. BEND TEST RESULTS FOR SAMF'LES CYCLICALLY OXIDIZED AT 2300 F 
Type of Load- 
Sample Ox ida t ion  Bend Bend Angle (degrees)  a t  DL f lec t i  o n 
System Number Time, h r  Temp., F Crack I n i t i a t i o n  F a i l u r e  Curve(') 
2b 11-51 120 1400 <5 <5 1 
1600 <5 45 2 -36 - 38 200 1400 <5 <5 1 
-37 I f  1600 15  15 1 
I f  
10 x-2 100 1400 
1600 I? -5 
<10 35 2 
10  40 2 
11 XI-4 1200 <5 <5 1 
1600 25 60 2 
I f  
11 -3 
12 X I I -  1 I 1  1400 <5 <5 1 
1600 20 45 2 II -2 
(1) See  F i g u r e  38 f o r  a n  i l l u s t r a t i o n  o f  t h e  f o u r  types  of l o a d - d e f l e c t i o n  curves .  
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System 9 was known from t h e  o x i d a t i o n  s t u d i e s  t o  have v e r y  poor  o x i d a t i o n  
r e s i s t a n c e .  
o x i d a t i o n  exposure.  
The re fo re ,  t h e  bend samples from t h i s  sys tem were e v a l u a t e d  wi thou t  any 
The r e s u l t s  are summarized below: 
Sample T e s t  Bend Angle (degrees)  f o r  
Number Temp., F Crack I n i t i a t i o n  F a i l u r e  
I X - 5  800 <5 <10 
-2 1000 25 25 
-4 1200 25 25 
A l l  samples showed Type 1 l o a d - d e f l e c t i o n  
l a y e r  i n  t h i s  system, i s  a p p a r e n t l y  ex t remely  damaging t o  d u c t i l i t y .  
r e s u l t e d  from t h e  thermal  t r e a t m e n t s  r e q u i r e d  f o r  a lumin iz ing  and homogenizing t h e  
c l add ing  sys t em a l o n e  even with no o x i d a t i o n  exposure.  
curves .  Vanadium, used as a c o m p a t i b i l i t y  
Embr i t t l tmen t  
An i l l u s t r a t i o n  Rf t h e  r e l a t i v e l y  low d u c t i l i t y  observed d u r i n g  bend 
e v a l u a t i n n  i s  g iven  i n  F i g u r e  42 which shows t h e  t y p e  of c rack ing  observed i n  
several ox id ized  samples t e s t e d  a t  1600 F and one unoxid ized  sample t e s t e d  a t  1000 F. 
The two samples t e s t e d  a f t e r  2100 F o x i d a t i o n  exposure  show some d u c t i l i t y ,  System 
l b  be ing  more d u c t i l e  t h a n  System 2b. 
samples t e s t e d  a t  2300 F, however, 
Very l i m i t e d  d u c t i l i t y  was observed i n  t h e  
The poor  bend d u c t i l i t y  observed i n  t h e  c l a d  chromium a l l o y  samples a f t e r  
c y c l i c  o x i d a t i o n  a t  2100 F i s  a t t r i b u t e d  t o  contaminat ion  d u r i n g  exposure.  
2100 F, contaminat ion  is  l a r g e l y  t h e  r e s u l t  of metal l ic  d i f f u s i o n  between t h e  c l ad -  
d i n g  materials and t h e  chromium a l l o y .  It i s  b e l i e v e d  t h a t  contaminat ion  i s  occur-  
i n g  more r a p i d l y  through t h e  c r a c k s  developed i n  t h e  t u n g s t e n  b a r r i e r  l a y e r .  
The c r a c k i n g  of t h e  b a r r i e r  l a y e r  i s  a t t r i b u t e d  t o  l o w  c y c l e  thermal  f a t i g u e  r e s u l t -  
i n g  from thermal  expans ion  mismatch between t h e  c l add ing  l a y e r  and p i c tu re - f r ame  
n icke l -base  a l l o y s ,  which have h i g h  expansion c o e f f i c i e n t s ,  and t h e  t u n g s t e n  b a r r i e r  
l a y e r  and chromium a l l o y  sample which have low expansion c o e f f i c i e n t s .  Th i s  problem 
should  b e  reduced  by e l i m i n a t i n g  t h e  r easonab ly  massive n i c k e l  a l l o y  p i c t u r e  frame 
and improving t h e  p r o p e r t i e s  of t h e  b a r r i e r  l aye r .  A t h i c k e r  t u n g s t e n  b a r r i e r  l a y e r  
might  a l s o  b e  b e n e f i c i a l .  
A t  
DISCUSSION OF RESULTS AND CONCLUSIONS 
None of t h e  c l a d d i n g  systems examined appeared capab le  of p r o t e c t i n g  
chromium a l l o y s  from o x i d a t i o n  o r  n i t r o g e n  embr i t t l emen t  d u r i n g  c y c l i c  o x i d a t i o n  a t  
2300 F. Although a luminized  Ni-30Cr and Ni-20Cr-20W a l l o y s  are s u f f i c i e n t l y  resis- 
t a n t  t o  o x i d a t i o n  t o  be  u s e f u l  as 5-mil- thick c l add ing  l a y e r s ,  severe n i t r o g e n  con- 
t amina t ion  of t h e  chromium a l l o y  occurred .  Unaluminized N i - 3 0 C r  h a s  u s e f u l  oxida-  
t i o n  r e s i s t a n c e  as a 10-mi l - th ick  c l add ing  l a y e r  b u t  s i m i l a r l y  d i d  no t  p r o t e c t  t h e  
s u b s t r a t e  from n i t r o g e n  contaminat ion .  N i t r i d e s  were v i s i b l e  throughout  t h e  samples.  
Also ,  metallic contaminat ion  of t h e  ox id ized  chromium a l l o y  sample extended t o  a 
d q t h  of about  7 m i l s  i n  100 hour s  and appeared t o  b e  i n c r e a s i n g  l i n e a r l y  w i t h  t i m e  
t o  t h e  one-half  power. Contaminat ion was a p p a r e n t l y  o c c u r r i n g  by d i f f u s i o n  of some 
c l add ing  component through t h e  b a r r i e r  l a y e r .  Nickel i s  suspec ted  t o  b e  t h e  d i f f u -  
s i n g  element ,  
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Sample No. 1-31 11-33 11-36 11-37 IX-2 x-5 XI-3 XII-2 
Oxid. Temp., F 2100 2100 2300 2300 - 2300 2300 2300 
Bend Test 1600 1600 1600 1600 1000 1600 1600 1600 
(see F i g u r e  38) 
Sys t em lb 2b 2b 2b 9 10 11 1 2  
Oxid. Time,  h r  300 300 120 2 00 - ZOO 100 100 
F a i l u r e  Type 3 3 2 1 1 2 2 2 
FIGURE 42, PHOTOGRAPH OF SEVERAL BEND SAMPLES AFTER TESTING 
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Perhaps more s u r p r i s i n g ,  none of t h e  systems examined was u s e f u l  under  
c y c l i c  c o n d i t i o n s  a t  2100 F, a l though  the e x t e n t  of damage t o  t h e  b a s e  metal was 
c o n s i d e r a b l y  less than  t h a t  observed a t  2300 F. No n i t r o g e n  contaminat ion  was 
observed,  b u t  metal l ic  contaminat ion  extended about  2 m i l s  i n  100 hours.  Again,  
a l i n e a r  ra te  of contaminat ion  w i t h  t i m e  t o  t h e  one-ha l f  power w a s  observed. I n  
t h i s  case, a l s o ,  d i f f u s i o n  through the b a r r i e r  l a y e r  was a p p a r e n t l y  t h e  o r i g i n  of 
contaminat ion .  
It i s  obvious from these s t u d i e s  that  n i cke l -base  a l l o y s  can adequa te ly  
p r o t e c t  chromium-base a l l o y s  from o x i d a t i o n  a t  2300 F and from b o t h  o x i d a t i o n  and 
n i t r o g e n  contaminat ion  a t  2100 F, However, contaminat ion  of chromium-base a l l o y s  
by n i c k e l  i s  q u i t e  r a p i d  a t  b o t h  tempera tures  and the c l add ing  l a y e r  must be  k e p t  
away from the chromium a l l o y  by a s u i t a b l e  barrier l a y e r ,  
a l l o y  i s  e m b r i t t l e d  q u i t e  r a p i d l y  by metall ic contaminat ion .  Void format ion  i n  
t h e  chromium, a p p a r e n t l y  as a r e s u l t  of chromium d i f f u s i o n  i n t o  t h e  n i cke l -base  
a l l o y ,  a l s o  i s  a problem. 
I f  t h i s  i s  n o t  done, the 
The b u l k  of t h e  sys tems examined i n  t h i s  s t u d y  con ta ined  a t u n g s t e n  ba r -  
rier l aye r .  It was found t h a t  t ungs t en  was d i s s o l v e d  i n t o  bo th  t h e  n i cke l -base  
c l add ing  a l l o y  and i n t o  t h e  chromium a l l o y .  A t  2100 F, the s o l u t i o n  ra te  was q u i t e  
s low excep t  i n  t h o s e  systems c o n t a i n i n g  a p la t inum c o m p a t i b i l i t y  l a y e r  between t h e  
c l add ing  and b a r r i e r  l aye r .  A t  2300 F, t h e  s o l u t i o n  rate of t h e  b a r r i e r  l a y e r  was 
such  t h a t  w i t h i n  200 hour s  t h e  0 ,5-mi l - tungs ten  b a r r i e r  was l a r g e l y  consumed when 
a p la t inum c o m p a t i b i l i t y  l a y e r  was p r e s e n t ,  and s i g n i f i c a n t l y  reduced i n  t h i c k n e s s  
even  i n  t h e  absence  of p la t inum.  I n  a d d i t i o n ,  t h e  t u n g s t e n  b a r r i e r  l a y e r  was found 
t o  deve lop  c r a c k s  d u r i n g  c y c l i c  o x i d a t i o n  t e s t i n g .  Thermal f a t i g u e  from t h e  c y c l i c  
exposure  i s  suspec ted .  The amount of c r ack ing  appeared t o  be  r e l a t e d  t o  t h e  number 
of c y c l e s ,  and uncycled samples were g e n e r a l l y  c r a c k  f r e e .  I n c r e a s i n g  t h e  tungs t en  
b a r r i e r  l a y e r  t h i c k n e s s  from 0.5 m i l  t o  1.5 m i l  t h i c k n e s s  d i d  n o t  appear  t o  a l te r  
t h e  amount of c r a c k i n g  s i g n i f i c a n t l y ,  and bend p r o p e r t i e s  a t  2100 F were u n a f f e c t e d  
by t h i s  change. 
S e v e r a l  a l t e r n a t e  b a r r i e r  l a y e r  materials were examined. A tungsten-25 
rhenium b a r r i e r  was s t u d i e d  w i t h  t h e  hope t h a t  t h e  improved d u c t i l i t y  of t h i s  a l l o y  
might  r educe  the c r a c k i n g  tendency. Unfo r tuna te ly ,  t h e  tungsten-rhenium a l l o y  was 
found t o  d i s s o l v e  v e r y  r a p i d l y  i n t o  t h e  c l add ing  a l l o y ,  and f a i l u r e  occurred  by 
t h i s  mechanism. A t h o r i a t e d  t u n g s t e n  a l l o y  was examined w i t h  the a i m  o r  r e t a r d i n g  
c r a c k i n g  by improving t h e  s t r e n g t h ,  i n c r e a s i n g  t h e  r e c r y s t a l l i z a t i o n  tempera ture ,  
and p r o v i d i n g  a n  overlapped bamboo, r a t h e r  t han  equiaxed ,  g r a i n  s t r u c t u r e  i n  t h e  
b a r r i e r  l a y e r .  Only a l i m i t e d  number of samples were p repa red ,  and,  u n f o r t u n a t e l y ,  
based  on p r e s e n t  knowledge, t h i s  sys tem a l s o  con ta ined  p la t inum,  The amount of 
c r a c k i n g  w a s  less t h a n  h a l f  that  observed i n  t h e  most s imi l a r  sys tem with a n  un- 
a l l o y e d  t u n g s t e n  b a r r i e r  (System 2b). 
by abou t  50 pe rcen t .  A t  2300 F, a l though  t h e  amount of c r ack ing  w a s  less, t h e  dep th  
of contaminat ion  was  n o t  s i g n i f i c a n t l y  changed, nor  was bend d u c t i l i t y  a f t e r  c y c l i c  
o x i d a t i o n  improved. A molybdenum barr ier  l a y e r  w a s  a l s o  examined b r i e f l y  i n  a c lad-  
d i n g  system c o n t a i n i n g  b o t h  a luminized  Ni-20Cr-20W and a p la t inum c o m p a t i b i l i t y  l aye r .  
Almost complete  f r agmen ta t ion  of  t h e  b a r r i e r  material occurred  d u r i n g  bo th  2100 and 
2300 F c y c l i c  o x i d a t i o n  exposure,  a p p a r e n t l y  t h e  r e s u l t  of i n t e r d i f l k s i o n  between 
n i c k e l  and molybdenum. 
Contaminat ion rates were reduced a t  2100 F 
A s  a l r e a d y  i n d i c a t e d ,  a p l a t inum c o m p a t i b i l i t y  l a y e r  between t h e  c l a d d i n g  
a l l o y  and t u n g s t e n  b a r r i e r  l a y e r  was n o t  b e n e f i c i a l ,  and g r e a t l y  i n c r e a s e d  t h e  solu-  
t i o n  ra te  of  t h e  tungs t en  b a r r i e r  l a y e r ,  A vanadium c o m p a t i b i l i t y  l a y e r  w a s  exam- 
i n e d ,  b u t  a l s o  was found t o  be u n a t t r a c t i v e .  Vanadium d i f f u s e d  through t h e  c l add ing  
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l a y e r  and r e s u l t e d  i n  g r e a t l y  a c c e l e r a t e d  o x i d a t i o n  of t h e  c ladding .  
material appears  worthy of  f u r t h e r  c o n s i d e r a t i o n .  
Ne i the r  
D e s p i t e  the f a i l u r e m  p r o t e c t  chromium-base a l l o y s  from o x i d a t i o n  and 
embr i t t l emen t  d u r i n g  c y c l i c  tempera ture  exposure  t o  o x i d i z i n g  c o n d i t i o n s ,  t h e  pre-  
s e n t  work has  a p p a r e n t l y  d e f i n e d  t h e  p r i n c i p a l  problem area. 
nance of a n  i n t a c t  b a r r i e r  l a y e r  between t h e  c l a d d i n g  a l l o y  and t h e  chromium a l l o y  
t o  p reven t  i n t e r d i f f u s i o n  and embr i t t l emen t  of t h e  chromium a l l o y .  However, o t h e r  
f a c t o r s  may a l s o  b e  c o n t r i b u t i n g  t o  t h e  embr i t t l emen t  observed i n  t h e  material ex- 
posed t o  c y c l i c  o x i d a t i o n  a t  2100 o r  2300 F. These i n c l u d e  thermal  i n s t a b i l i t y  of 
t h e  Cr-5W a l l o y ,  embr i t t l emen t  from t h e  small amount of t ungs t en  d i s s o l v e d  i n  t h e  
chromium a l l o y  d u r i n g  exposure,  and damage t o  t h e  material accompanying bend sample 
p r e p a r a t i o n  a f t e r  c y c l i c  exposure.  
T h i s  i s  t h e  mainte- 
The p r e s e n t  work h a s  shown t h a t  t h e  gas -p res su re  bonding method can b e  
used t o  p rov ide  m u l t i - l a y e r  m e t a l l i c  c l add ings  on chromium-base a l l o y s .  A l l  of 
t h e  sys tems examined could be  bonded s u c c e s s f u l l y .  I n  o r d e r  t o  f i r m l y  e s t a b l i s h  t h e  
b a s i s  f o r  s u b s t r a t e  embr i t t l emen t  and t o  a t t empt  t o  d e f i n e  t h e  e x t e n t  t o  which each 
of t h e  p o s s i b l e  causes  w a s  e f f e c t i v e ,  f u r t h e r  work was performed,  These s t u d i e s  
are d e s c r i b e d  i n  t h e  S p e c i a l i z e d  S t u d i e s  s e c t i o n  which fo l lows .  
SPECIALIZED STUDIES 
A s  i n d i c a t e d  i n  t h e  p reced ing  s e c t i o n ,  several p o s s i b l e  mechanisms f o r  
system embr i t t l emen t  were uncovered i n  t h i s  i n v e s t i g a t i o n .  The e x t e n t  of each  of 
t h e s e  appeared t o  be r e s o l v a b l e  w i t h  r e l a t i v e l y  small  amounts of a d d i t i o n a l  s tudy .  
Thus, such  s t u d i e s  were sugges ted  by NASA and were performed as p a r t  of a n  expan- 
s i o n  of  t h e  o r i g i n a l  program. They are d e s c r i b e d  below. 
Improved Methods of Sample P r e p a r a t i o n  
The chromium a l l o y  samples p repa red  i n  t h e  i n i t i a l  program were s u r f a c e  
ground t o  p rov ide  a smooth s u r f a c e  and were enc losed  i n  a n icke l -30  weight  p e r c e n t  
chromium a l l o y  yoke which had t o  b e  removed by c u t t i n g  and g r i n d i n g  b e f o r e  bend 
tes ts  could be  performed. A s  a r e s u l t  of t h e  marked b r i t t l e n e s s  of t h e  chromium- 
t u n g s t e n  a l l o y  nea r  room tempera ture ,  bo th  of  t h e  o p e r a t i o n s  could  have produced 
microcracks  i n  t h e  specimen s u r f a c e .  These microcracks ,  i f  p r e s e n t ,  would be 
expec ted  t o  b e  q u i t e  harmful  t o  bend d u c t i l i t y .  
number of System l b  samples by a n  a l t e r n a t e  t echn ique  t o  de te rmine  i f  g r i n d i n g  o r  
c u t t i n g  c racks  were c o n t r i b u t i n g  t o  poor  bend d u c t i l i t y .  Thus, chromium-tungsten 
a l l o y  samples were p repa red  by e l e c t r o p o l i s h i n g  and t h e  e l e c t r o p o l i s h e d  samples 
were subsequen t ly  c l a d  u s i n g  a wrap-around technique .  The wrap-around procedure  
e l i m i n a t e d  t h e  yoke s t r u c t u r e  and pe rmi t t ed  bend t e s t i n g  of  t h e  samples a f t e r  oxi-  
d a t i o n  exposure wi thou t  any f u r t h e r  c u t t i n g  o r  g r i n d i n g  of t h e  sample edges.  
It w a s  dec ided  t o  p r e p a r e  a l i m i t e d  
The samples used i n  t h e s e  s t u d i e s  were p repa red  from chromium a l l o y  Lot  
67-100. The a n a l y s i s  and bend p r o p e r t i e s  of t h i s  material are g iven  i n  Table  2. 
T h i s  material had a somewhat lower bend t r a n s i t i o n  tempera ture  i n  t h e  l o n g i t u d i n a l  
d i r e c t i o n  than  material from Lot  64-100 which was used i n  p r e p a r i n g  a l l  p r e v i o u s  
System l b  samples b u t  a h i g h e r  t r a n s i t i o n  tempera ture  i n  t h e  t r a n s v e r s e  d i r e c t i o n .  
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P r e l i m i n a r y  i n v e s t i g a t i o n  showed t h a t  a ve ry  good s u r f a c e  could  be  pro-  
duced by removing approximate ly  3 m i l s  p e r  s i d e  by e l e c t r o p o l i s h i n g .  
s i t i o n  of t h e  e l e c t r o p o l i s h i n g  b a t h  and i t s  o p e r a t i n g  c o n d i t i o n s  are g iven  i n  
Tab le  21. S u r f a c e  roughness  was s i g n i f i c a n t l y  reduced by t h e  e l e c t r o p o l i s h i n g  
o p e r a t i o n  as shown below: 
The compo- 
D i r e c t i o n  o f  S u r f a c e  Roughness, 
Sample Condi t ion  Measurement micro inches  
As-received Long i tud ina l  60-75 
Transve r se  80-100 
E l e c t r o p o l i s h e d  Long i tud ina l  18 - 35 
Transve r se  22-50 
No mechanical  s u r f a c e  p r e p a r a t i o n  o f  t h e  a s - r ece ived  material w a s  r e q u i r e d  b e f o r e  
e l e c t r o p o l i s h i n g .  
To i n s u r e  that  t h e  e l e c t r o p o l i s h i n g  t r e a t m e n t  was n o t  i n  some way harmful  
t o  bend p r o p e r t i e s ,  several chromium-tungsten a l l o y  bend samples were e l e c t r o p o l -  
i s h e d  and t e s t e d  t o  de t e rmine  t h e i r  d u c t i l e - b r i t t l e  bend t r a n s i t i o n  tempera ture .  
The edges of t h e  314 x 3-112-inch bend samples were rounded by hand p o l i s h i n g  on 
400-g r i t  pape r  p r i o r  t o  e l e c t r o p o l i s h i n g .  The r e s u l t s  of t h e s e  tests are p r e s e n t e d  
i n  Table  22. S i n c e  t h e  t r a n s i t i o n  t empera tu re  was less than  300 F i n  t h e s e  tests,  
as compared t o  a v a l u e  of 300 F r e p o r t e d  by t h e  material s u p p l i e r  (Table  2) ,  i t  
appea r s  that  e l e c t r o p o l i s h i n g  i s  n o t  harmful  t o  t h e  t r a n s i t i o n  tempera ture  and may 
a c t u a l l y  b e  somewhat b e n e f i c i a l ,  a s i t u a t i o n  t y p i c a l  of t h e  Group V I A  bcc metals. 
The wrap-around t echn ique  used t o  p r e p a r e  c l a d  samples i s  shown i n  F ig-  
u r e  43. 
generous end r a d i u s  and t o  round t h e  edges p r i o r  t o  e l e c t r o p o l i s h i n g ,  A f t e r  e l e c -  
t r o p o l i s h i n g ,  the samples were i n s p e c t e d  u s i n g  dye -pene t r an t  methods t o  i n s u r e  t h a t  
t h e  chromium a l l o y  w a s  c r ack  f r e e .  
The t u n g s t e n  b a r r i e r  l a y e r  was c u t  s l i g h t l y  l a r g e r  t h a n  t h e  sample and tack-welded 
i n  p lace .  
l a r g e r  t h a n  t h e  b a r r i e r  l a y e r .  The c l a d d i n g  assembly was then  enc losed  i n  a s t ee l  
envelope ,  u s i n g  molybdenum f o i l  f o r  p r o t e c t i o n  a g a i n s t  i r o n  contaminat ion ,  and gas-  
p r e s s u r e  bonded. 
p s i  p r e s s u r e  a p p l i e d  f o r  2 hours .  
i d e n t i c a l  t o  t h o s e  used i n  t h e  i n i t i a l  work. Aluminum weight  g a i n  d a t a  are g iven  
i n  t h e  Appendix, Tab le  A-1 ,  
The chromium a l l o y  samples were v e r y  c a r e f u l l y  hand ground t o  p r o v i d e  a 
Only comple te ly  c r a c k - f r e e  samples were used.  
The nickel-chromium-tungsten c l add ing  a l l o y  w a s  c u t  a t  l eas t  118-inch 
Gas-pressure bonding was accomplished a t  2150 F u s i n g  a 10,000 
Aluminizing and homogenizing t echn iques  were 
Samples of System l b  were ox id ized  f o r  100 hour s  a t  2100 F u s i n g  20-hour 
The average  weight  g a i n  of t h e  o x i d a t i o n  c y c l e s  b e f o r e  bend tes ts  were performed. 
f i v e  samples which were ox id ized  w a s  0.83 mg/cm2, i n  good agreement w i t h  t h e  weight  
g a i n  observed i n  p r e v i o u s l y  exposed System l b  samples (see Table  9) .  
Bend test  d a t a  f o r  samples c l a d  w i t h  System l b  (1.5 m i l  t ungs t en ,  5 m i l s  
Ni-20Cr-20W a l l o y  a luminized  t o  p rov ide  about  5 weight  p e r c e n t  aluminum) u s i n g  t h e  
wrap-around t echn ique  are g iven  i n  Tab le  23. A s  shown i n  Table  23, t h e  t r a n s i t i o n  
t empera tu re  was between 1300 and 1400 F. The System l b  samples prepared  i n  t h e  p re -  
v i o u s  s t u d i e s  and exposed t o  c y c l i c  o x i d a t i o n  f o r  300 hours  a t  2100 F showed a t r a n -  
s i t i o n  t empera tu re  between 1200 and 1400 F (see Tab le  18). P a r t i a l  d u c t i l i t y  w a s  
measured a t  1400 F i n  t h e  tests r e p o r t e d  i n  Table  18, whereas t h e  new samples showed 
complete  d u c t i l i t y  a t  1400 F. This d i f f e r e n c e  can  probably  be  a t t r i b u t e d  t o  t h e  
d i f f e r e n c e  i n  o x i d a t i o n  t i m e ,  300 hour s  v e r s u s  100 hours .  It w a s  no t  necessary  t o  
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TABLE 21. ELECTROPOLISHING BATH USED TO 
PREPARE CHROMIUM ALLOY SAMPLES 
Bath Composition 
C o n s t i t u e n t  Amount by Weight 
Su lphur i c  Acid 60 p e r c e n t  
Ortho-Phosphoric Acid 20 p e r c e n t  
C i t r i c  Acid 10 p e r c e n t  
Water 10 p e r c e n t  
Bath Opera t ing  Condi t ions  
2 Curren t  Dens i ty  2 a m p d i n  
Rate of Chromium 
Cathode Material S t a i n l e s s  S t e e l  
Temperature  Range 140-160 F 
A l l o y  Removal 0.1 miUmin. 
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TABLE 22. BEND PROPERTIES OF ELECTROPOLISHED 
CHROMIUM-5 WEIGHT PERCENT TUNGSTEN 
ALLOY FRCM LOT 67- O(Bend axis i n  
r o l l i n g  d i r e c t i o n )  f i  
Type of Load- 
Bend Bend Angle (degrees)  D e f l e c t i o n  
Temp., F a t  F a i l u r e  Curve(2) 
750 
660 
500 
435 
300 
>loo 
>lo5 
>lo5 
>110 
3100 
(1) DBTT of a s - r e c e i v e d  m a t e r i a l  was 300 F w i t h  
bend a x i s  i n  r a l l i n g  d i r e c t i o n ;  600 F w i t h  
bend axis  t r a n s v e r s e .  
f o u r  t y p e s  of  l o a d - d e f l e c t i o n  curves .  
Although t h e  l o a d - d e f l e c t i o n  cu rves  re- 
sembled Type 3 curves  t o  some degree ,  dye- 
p e n e t r a n t  i n s p e c t i o n  of t h e  s u r f a c e  a f t e r  
t e s t i n g  showed no c r a c k s  t o  b e  p r e s e n t .  
The re fo re ,  Type 4 r a t i n g s  were as s igned .  
(2) See F i g u r e  38 f o r  a n  i l l u s t r a t i o n  of t h e  
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Chromium alloy 
bend sample Nickel alloy cladding A.57367 
\ 
a. Drawing of the Wrap-Around Sample Construction; 
Ent i re  Assembly Enclosed in  Evacuated Steel 
Envelope fo r  G a s - P r e s s u r e  Bonding 
2 x  8B825 
b. Photograph of Sample After G a s - P r e s s u r e  Bonding 
and Removal of Steel  Envelope 
FIGURE 4 3 .  ILLUSTRATION ON THE WRAP-AROUND CLADDING TECHNIQUE 
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TABLE 23. BEND PROPERTIES OF SYSTEM Ib-CLAD SAMPLES 
(PREPARED BY THE WRAP-AROUND TECHNIQUQ AFTER 
CYCLIC OXIDATION FOR 100 HOURS AT 2100 F 
Type of Load- 
Sample Bend Bend Annle (degrees)  a t  D e f l e c t i o n  
Number Temp., F Crack I n i t i a t i o n  F a i l u r e  Curve( 1) 
lb-6 1200 C15 <15 1 
lb-4 1300 20 20 1 
lb-5 1400 >110 >110 4 
1b-1(2) 1200 - - - 
(1) See F i g u r e  38 f o r  an  i l l u s t r a t i o n  of t h e  €our types  of 
l oad -de f l ec t ion  curves.  
(2) Specimen w a s  broken du r ing  p r e p a r a t i o n  f o r  t e s t i n g ,  
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remove any edge material b e f o r e  bend t e s t i n g .  
microcracks  i n t o  t h e  chromium a l l o y  w a s  e l imina ted .  The re fo re ,  t h e  poor bend duc- 
t i l i t y  of ox id i zed  System l b  observed i n  t h e  i n i t i a l  i n v e s t i g a t i o n  was n o t  r e l a t e d  
t o  microcracks  developed i n  t h e  chromium a l l o y  d u r i n g  e i t h e r  i n i t i a l  s u r f a c e  p re -  
p a r a t i o n  of  t h e  chromium a l l o y  o r  t h e  edge g r i n d i n g  of bend tes t  samples a f t e r  oxi-  
d a t i o n  exposure. 
Thus, t h e  p o s s i b i l i t y  of i n t r o d u c i n g  
The m i c r o s t r u c t u r e  of a System l b  sample prepared  by t h e  wrap-around 
t e c h n i q u e  i s  shown i n  F i g u r e  44. 
l i z a t i o n  was observed i n  t h e  t u n g s t e n  b a r r i e r  l a y e r  a t  t h e  tungs t en :n i cke l  a l l o y  
i n t e r f a c e .  No o t h e r  ev idence  of d i f f u s i o n  between c l a d d i n g  components w a s  seen. 
The m i c r o s t r u c t u r e  a f t e r  100 hour s '  c y c l i c  o x i d a t i o n  a t  2100 F i s  shown i n  F i g u r e  
45. Comparison w i t h  F i g u r e  23  shows c o n s i d e r a b l e  s i m i l a r i t y  i n  appearance  of t h e  
c l a d d i n g  l a y e r .  
no s u r f a c e  c r a c k i n g  appa ren t  i n  t h e  chromium a l l o y  when t h e  c l a d d i n g  and b a r r i e r  
l a y e r  were s t r i p p e d  o f f  t h e  sample. 
The new samples showed a n o t i c e a b l e  d i f f e r e n c e  i n  tungs t en  b a r r i e r  l a y e r  
E x c e l l e n t  bonding w a s  ach ieved ,  Some r e c r y s t a l -  
Although a few c r a c k s  were v i s i b l e  i n  t h e  b a r r i e r  l a y e r ,  t h e r e  was 
appearance  from one s i d e  t o  t h e  o the r .  
show e x t e n s i v e  r e c r y s t a l l i z a t i o n ,  whereas t h e  o t h e r  s i d e  (S ide  1) d i d  not.  Occa- 
s i o n a l  p a t c h e s  a f  what appeared  t o  be r e c r y s t a l l i z e d  g r a i n s  were a p p a r e n t  on t h e  
s i d e  t h a t  r e t a i n e d  t h e  predominant ly  f i b e r e d  g r a i n  s t r u c t u r e ,  
i n g s  were made on bo th  s i d e s  a t  t h e  l o c a t i o n s  shown i n  F i g u r e  45 w i t h  t h e  fo l lowing  
r e s u l t s :  
One s i d e  (S ide  2 i n  F i g u r e  45) appeared t o  
Microhardness r ead -  
L o c a t i o n  
Aluminized N i  Al loy  
Cladding (range)  
W Barrier ( 4  t y p i c a l  
r e a d i n g s  ) 
Cr-5W S u b s t r a t e  
0.2 m i l  from W 
0.6 D i t t o  
1.0 
1.4 
1.8 
2.2 
2.6 
3.0 
5.0 
7.0 
9.0 
11 
I t  
I t  
I 1  
I t  
11 
I 1  
I 1  
I 1  
Knoop Hardness Number, 25-gm load 
S i d e  2 ( R e c r y s t a l l i z e d  W) S i d e 1  (Wroupht) 
280-540 240-420 
560,570,560,542 
315 
475 
3 10 
335 
335 
335 
330 
335 
300 
300 
292 
552,552,552,552 
357 
285 
3 30 
392 
300 
288 - 
" 
292 - - 
These d a t a ,  a l t hough  not  c o n c l u s i v e ,  sugges t  t h e  p o s s i b i l i t y  of mi ld  contaminat ion  
ha rden ing  t o  a dep th  between 3 and 5 m i l s  ( 7  and 12 microns) i n  t h e  s u b s t r a t e  
benea th  the r e c r y s t a l l i z e d  tungs ten .  Hardening i s  n e g l i g i b l e  by comparison under- 
n e a t h  t h e  wrought t u n g s t e n  l a y e r .  R e c r y s t a l l i z a t i o n  of t h e  t u n g s t e n  l a y e r  w a s  n o t  
accompanied by a g r o s s  d e c r e a s e  i n  hardness.  
appea r s  t o  i n c r e a s e  t h e  e f f e c t i v e n e s s  of t u n g s t e n  d i f f u s i o n  b a r r i e r a  i n  System l b .  
R e t e n t i o n  of a f i b e r e d  g r a i n  s t r u c t u r e  
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FIGURE 44. MICROSTRUCTURE OF SYSTEM l b  SAMPLE PREPARED 
BY THE WRAP-AROUND TECHNIQUE (Sample lb-3)  
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The v a r i a t i n n s  i n  n i c k e l ,  t ungs t en ,  and chromium c o n t e n t s  on t h e  two s i d e s  
of t h i s  sample were de termined  by microprobe a n a l y s i s .  The composition changes 
through t h e  b a r r i e r  l a y e r  are shown i n  F i g u r e  46, Both b a r r i e r  l a y e r s  showed a 
h i g h  chromium c o n t e n t ,  4 weight  p e r c e n t ,  which i s  about  t h e  s o l u b i l i t y  l i m i t  of 
chromium i n  t u n g s t e n  a t  2100 F. 
n i c k e l  a l 1 o y : b a r r i e r  l a y e r  i n t e r f a c a a  maximum of 5 weight  p e r c e n t  on t h e  wrought 
s i d e  and 8.3  weight  p e r c e n t  on t h e  r e c r y s t a l l i z e d  s i d e ,  The chromium g r a d i e n t  nea r  
t h e  n i c k e l  a l 1 o y : b a r r i e r  l a y e r  i n t e r f a c e  s u g g e s t s  t h a t  chromium was be ing  p icked  up 
from t h e  n i cke l -base  a l l o y .  However, a l t e r n a t e  i n t e r p r e t a t i o n s  are p o s s i b l e .  I n  
t h e s e  a d d i t i o n a l  s t u d i e s  no s i g n i f i c a n t  l o s s  i n  chromium was d e t e c t e d  i n  t h e  chro- 
mium a l l o y  i n  t h e  area immediately below t h e  b a r r i e r : a l l o y  i n t e r f a c e .  I n  ear l ie r  
s t u d i e s  (see F i g u r e s  27 and 28),  a n  obvious d e c r e a s e  i n  chromium c o n t e n t  w a s  ob- 
s e r v e d  i n  t h e  chromium a l l o y  a d j a c e n t  t o  t h e  b a r r i e r .  
s imilar e f f e c t  w i t h  t h e  r e f a b r i c a t i o n  may be a r e s u l t  of t h e  t h i c k e r  b a r r i e r  and 
s h o r t e r  o x i d a t i o n  t i m e .  Both f a c t o r s  would reduce  t h e  amount of material t r a n s f a r d .  
lhe 4 i n c r e a s e  i n  chromium c o n t e n t  of t h e  n i cke l -base  a l l o y  near  t h e  b a r r i e r  as 
observed i n  t h e  p r e s e n t  s tudy  i s  i n  agreement w i t h  t h e  results of t h e  earlier s t u d i e s .  
A h i g h e r  chromium c o n t e n t  was observed nea r  t h e  
The f a i l u r e  t o  obse rve  a 
Nicke l  contaminat ion  was a l s o  observed i n  t h e  b a r r i e r  l a y e r  near  t h e  c l a d -  
d i n g : b a r r i e r  i n t e r f a c e .  Higher c o n c e n t r a t i o n s  of n i c k e l  were observed a t  t h e  i n t e r -  
f a c e s  i n  t h e  wrought s i d e ,  5.0 weight p e r c e n t ,  as compared t o  1.9 weight  p e r c e n t  
i n  t h e  r e c r y s t a l l i z e d  s i d e .  However, n i c k e l  was d e t e c t e d  throughout t h e  b a r r i e r  
l a y e r  and w e l l  i n t o  t h e  chromium a l l o y  (4 m i l s  deep, s u b s t a n t i a t i n g  ha rdness  tra- 
v e r s e  r e s u l t s )  on t h e  r e c r y s t a l l i z e d  s i d e ,  bu t  on ly  nea r  t h e  n i c k e l  a l 1 o y : b a r r i e r  
l a y e r  i n t e r f a c e  on t h e  wrought s i d e .  
were measured i n  g r a i n  boundar ies  of t h e  chromium a l l o y  benea th  t h e  r e c r y s t a l l i z e d  
b a r r i e r  l a y e r .  The a n a l y s i s  a l s o  i n d i c a t e d  a t u n g s t e n  c o n t e n t  of abou t  6 t o  6.5 
weight  p e r c e n t ,  h i g h e r  t h a n  t h e  nominal 4.90 weight p e r c e n t  a n t i c i p a t e d .  However, 
no v a r i a t i o n  i n  tungs t en  c o n t e n t  was d e t e c t e d  from t h e  i n t e r f a c e  t o  t h e  maximum 
d e p t h  examined, abou t  4 m i l s  benea th  t h e  b a r r i e r  1ayer:chromium a l l o y  i n t e r f a c e .  
N icke l  c o n t e n t s  as high  as 1.5 weight p e r c e n t  
I n t e r d i f f u s i o n  Between Cladding Components 
Based on t h e  above f i n d i n g s ,  t h e  most p robab le  cause  of poor bend d u c t i l -  
i t y  i n  t h e  o x i d i z e d  samples w a s  b e l i e v e d  t o  be  d i f f u s i o n  of a contaminat ing  element 
i n t o  t h e  chromium-base a l l o y  from t h e  b a r r i e r  l a y e r  o r  t h e  c l a d d i n g  a l l o y .  A l t e r n a t e l y ,  
i t  w a s  cons ide red  p o s s i b l e  t h a t  t h e  b a r r i e r  l a y e r  might b e  e m b r i t t l e d  by contamina- 
t i o n ,  and t h a t  i t  could s e r v e  as a s o u r c e  of c r a c k s  which would subsequen t ly  p r o g r e s s  
i n t o  t h e  chromium a l l o y ,  even i f  t h e  a l l o y  w a s  no t  i t s e l f  e m b r i t t l e d .  The v a l i d i t y  
of t h e s e  assumptions could  be  checked q u i t e  r e a d i l y  by removing t h e  c l a d d i n g  and 
b a r r i e r  l a y e r s ,  o r  by removing a l l  of t h e  c l a d d i n g  p l u s  enough of t h e  chromium a l l o y  
t o  exceed t h e  expec ted  dep th  of contaminat ion ,  b e f o r e  bend t e s t i n g ,  S e v e r a l  samples 
were a v a i l a b l e  from t h e  i n i t i a l  i n v e s t i g a t i o n s  which could  be  used i n  t h e s e  s t u d i e s .  
Three  systems were s e l e c t e d  f o r  study. These were: 
System lb:  1-1/2 m i l  W:5 m i l  Ni-20Cr-20W:5 p e r c e n t  A 1  
System 2b: 1-1/2 m i l  W:1/2 m i l  Pt:S m i l  Ni-20Cr-20W:5 p e r c e n t  A 1  
System 11: 1-1/2 m i l  W : 1 0  m i l  Ni-30Cr. 
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FIGURE 46. VARIATION OF COMPOSITION IN TUNGSTEN BARRIER 
O F  SYSTEM l b  SAMPLE AFTER CYCLIC OXIDATION 
AT 2100 F (SAMPLE lb -2 )  
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These  systems con ta ined  t h e  major  e lements  which were cons ide red  p o t e n t i a l l y  respon-  
s i b l e  f o r  b r i t t l e n e s s  a f t e r  ox ida t ion ;  n i c k e l ,  aluminum, and p la t inum.  Samples 
which had been ox id ized  i n  earlier s t u d i e s ,  b u t  n o t  bend t e s t e d ,  o r  h a l f  l e n g t h s  of 
bend samples which f a i l e d  i n  a b r i t t l e  manner, were s e l e c t e d  f o r  s tudy .  The c lad-  
d ing ,  b a r r i e r  l a y e r ,  and p o r t i o n s  of t h e  chromium a l l o y  were removed by a combina- 
t i o n  of e l e c t r o l y t i c  and chemical  d i s s o l u t i o n .  
Appendix, Table  A-2. 
Samples s t u d i e d  are i n d i c a t e d  i n  t h e  
The appearance  of r e p r e s e n t a t i v e  samples of t h e s e  t h r e e  systems a f t e r  re- 
The Systems l b  and 2b samples had been exposed t o  c y c l i c  
moval of a l l  of the c l add ing  l a y e r  p l u s  about  one m i l  of t h e  chromium a l l o y  i s  shown 
i n  F i g u r e s  47 through 49. 
o x i d a t i o n  f o r  600 hour s  a t  2100 F b e f o r e  c l a d d i n g  removal w h i l e  t h e  System 11 sample 
had been exposed t o  c y c l i c  o x i d a t i o n  f o r  100 hour s  a t  2300 F. A c o n s i d e r a b l e  amount 
of s u r f a c e  c r a c k i n g  was obvious i n  a l l  t h r e e  samples. I n  a d d i t i o n ,  t h e  System l b  
sample appeared  t o  show p r e f e r e n t i a l  ( g r a i n  boundary?) a t t a c k  s u g g e s t i n g  some degree  
of a l l o y  seg rega t ion .  The c r a c k  p a t t e r n  i n  Systems l b  and 2b samples i s  t y p i c a l  of 
t h a t  observed i n  material f a i l i n g  by h e a t  checking ,  o r  thermal f a t i g u e ,  and presum- 
a b l y  developed d u r i n g  c y c l i c  o x i d a t i o n  exposure.  The amount of c r ack ing  i n  t h e  
System 11 sample w a s  c o n s i d e r a b l y  less t h a n  t h a t  i n  t h e  o t h e r  two systems. 
the number of c y c l e s  was less, t h e  maximum tempera ture  was 2300 F. It i s  s u r p r i s i n g ,  
t h e r e f o r e ,  t h a t  such  a l a r g e  d i f f e r e n c e  i n  crack p a t t e r n  developed. Absence of t h e  
a lumin iz ing  and homogenizing t r e a t m e n t s  i n  System 11 may, i n  p a r t ,  account  f o r  t h i s  
d i f f e r e n c e .  The c r a c k s  shown i n  F i g u r e s  47 through 49 have a p p a r e n t l y  been chemi- 
c a l l y  en la rged ,  and,  excep t  f o r  t h i s  i n c r e a s e d  s i z e ,  t h e y  are q u i t e  similar t o  t h o s e  
shown i n  t h e  photomicrographs reproduced i n  F i g u r e s  24, 25, and 33. E l e c t r o p o l i s h -  
i n g  t h e s e  samples t o  remove a n  a d d i t i o n a l  5 t o  7 m i l s  of chromium a l l o y  r e s u l t e d  i n  
e l i m i n a t i o n  of the c rack  p a t t e r n  on t h e  s u r f a c e .  
Although 
Examination of d e c l a d  samples showed t h a t  a c o n s i d e r a b l e  number of edge 
c r a c k s  were in t roduced  by t h e  c u t t i n g  o p e r a t i o n  used t o  remove t h e  nickel-chromium 
a l l o y  yoke from t h e  bend samples.  
i n  F i g u r e  50. 
while t h e  second sample was hand ground t o  remove most of t h e  yoke and chemica l ly  
e t ched  t o  remove t h a t  p o r t i o n  a d j a c e n t  t o  t h e  sample. 
were dec lad .  
removal,  i t  i s  obvious t h a t  severe edge c rack ing  was developed by t h e  s e c t i o n i n g  
opera t ion .  S u r p r i s i n g l y ,  b o t h  t h e  bend tests of material w i t h  t h e  yoke i n t a c t  (Sam- 
p l e  11-49, System 2b) and t h e  reexaminat ion  of  System l b  samples prepared  by t h e  
wrap-around t echn ique  i n d i c a t e d  t h a t  t h i s  r a t h e r  severe edge c rack ing  had r e l a t i v e l y  
Th i s  is shown by comparing t h e  two samples shown 
The f i r s t  w a s  s e c t i o n e d  i n  t h e  normal manner t o  remove t h e  yoke, 
A t  a later t i m e ,  t h e  samples 
Although some enlargement  of edge cracks occurred  d u r i n g  c l add ing  
' l i t t l e  e f f e c t  on bend d u c t i l i t y .  
Bend tests were performed on System l b  samples which had been c y c l i c a l l y  
ox id i zed  a t  2100 o r  2300 F and then  t r e a t e d  t o  remove a l l  of t h e  c l a d d i n g  p l u s  ap- 
p rox ima te ly  1, 8, o r  15 m i l s  of chromium a l l o y .  
moval of 8 o r  15 m i l s  of chromium a l l o y ,  The r e s u l t s  of t h e  bend tests are pre-  
s e n t e d  i n  Table  24. 
t empera tu re  w a s  a p p a r e n t l y  q u i t e  c l o s e  t o  300 F a f t e r  removal of a l l  o f  t h e  c lad-  
d i n g  l a y e r  p l u s  8 o r  more m i l s  of chromium-base a l l o y .  Th i s  i s  about  800 F below 
t h e  bend t r a n s i t i o n  t empera tu re  of approximate ly  1400 F measured on t h e  samples as 
c l a d  (see Tab le  18). When o n l y  t h e  c l a d d i n g  material and 1 m i l  of a l l o y  w a s  re- 
moved, t h e  t r a n s i t i o n  tempera ture  was dec reased  less t h a n  200 F,  i f  a t  a l l ,  Re- 
moval of t h e  c l a d d i n g  p l u s  7 m i l s  of a l l o y  from t h e  sample exposed a t  2300 F 
r e s u l t e d  i n  a bend t r a n s i t i o n  tempera ture  between 800 and 1200 F as compared t o  a 
v a l u e  of g r e a t e r  t han  1600 F measured f o r  t h e  c l a d  sample (see Tab le  20). 
No c r a c k s  were p r e s e n t  a f t e r  re- 
I n  samples  ox id i zed  a t  2100 F ,  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  
1 0 3  
1 C 9 0 3  20x 
FIGURE 47. SURFACE APPEARANCE OF SYSTEM lb SAMPLE AFTER CYCLIC OXIDATION AT 
2100 F AND DEGLADDING (Sample 1-24, 600 h r  a t  2100 F, 20-hr cycles) 
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20x 1c909 
FIGURE 48. SURFACE APPEARANCE OF SYSTEM 2b SAMPLE AFTER CYCLIC OXIDATION AND 
DECLADDING (Sample 11-50, 600 hr at 2100 F, 20-hr c y c l e s )  
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2 ox 1c9 11 
FIGURE 49. SURFACE APPEARANCE OF SYSTEM 11 SAMPLE AFTER CYCLIC OXIDATION AT 
2300 F AND DECLADDING ( S a m p l e  X I - 5 ,  100 hr a t  2300 F, 20-hr cycles )  
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5x 1C906 
(a) Edge cracks in sample cut from yoke (Sample 11-44) 
5x 1C908 
(b) Absence of edge cracks in sample ground and etched 
from yoke (Sample 11-50) 
FIGURE 50. EFFECT OF METHOD OF YOKE REMOVAL ON EDGE CRACKING 
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TABLE 24. BEND PROPERTIES OF SYSTEM l b  SAMPLES AFTER 
CYCLIC OXIDATION, 3ECLADDING, AND REMOVAL 
OF VARYING AMOUNTS OF CHROMIUM ALLOY 
Amount of Type of Load- 
Sample C r  A l l o y  Bend Bend Angle (degrees) a t  D e f l e c t i o n  
Number Removed, m i l s  Temp., F Crack I n i t i a t i o n  F a i l u r e  Curve(’) 
Oxidized 600 h r  a t  2100 F, 20-hr cycles 
I1 - 44 1 1200 <10 < lo  1 
-50 9 1000 >9 0 >9 0 4 
-48 8 520 >110 >110 4 
-45 14 810 >lo5 >lo5 4 
-46 15 31 5 <5 <5 1 
- 4 g W  8 300 >30 >30 4 
Oxidized 120 h r  a t  2300 F, 20-hr c y c l e s  
11-39 1 1410 <5 <5 1 
-47 7 1200 X30 >80 4 
- 4 7 w  7 800 <10 <lo  1 
(1) 
(2) 
See F i g u r e  38 f o r  a n  i l l u s t r a t i o n  of the f o u r  types  of l o a d - d e f l e c t i o n  curves .  
One-half of p r e v i o u s l y  f r a c t u r e d  sample r e t e s t e d .  
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X-ray f l u o r e s c e n c e  measurements were made on t h e  s u r f a c e  of t h r e e  samples 
a f t e r  v a r i o u s  amounts of metal removal and compared w i t h  t h e  s u r f a c e  a n a l y s i s  o f  
t h e  a l l o y  base.  
c o n t e n t  was found immediately below t h e  c l a d d i n g  s u r f a c e  of samples ox id i zed  a t  
2100 F. 
f e r e n c e ,  Removal o f  7 m i l s  from t h e  sample ox id ized  a t  2300 F was no t  adequa te  t o  
remove a l l  of t h e  N i  o r  P t  contaminat ion .  It is  obvious from t h e s e  d a t a  t h a t  con- 
t amina t ion  from N i  and P t  occur s  q u i t e  r a p i d l y .  
o r  A 1  was measured, The X-ray f l u o r e s c e n c e  measurements were no t  s e n s i t i v e  enough 
t o  measure small d i f f e r e n c e s  i n  t u n g s t e n  c o n t e n t  of t h e  type which would r e s u l t  
from d i f f u s i o n  of chromium i n t o  t h e  c l a d d i n g  l a y e r s ,  and no a n a l y s i s  f o r  changes 
i n  chromium c o n t e n t  a t  t h e  s u r f a c e  w a s  made. 
The r e s u l t s  are shown i n  Table  25. A l a r g e  i n c r e a s e  i n  N i  and P t  
Removal of 15 mils of chromium a l l o y  w a s  adequa te  t o  e l i m i n a t e  t h i s  d i f -  
No a p p a r e n t  contaminat ion  from W 
These s t u d i e s  showed t h a t  removal of t h e  contaminated r e g i o n  a d j a c e n t  t o  
t h e  c l a d d i n g  would g r e a t l y  improve bend d u c t i l i t y .  
observed a f t e r  c y c l i c  o x i d a t i o n  i n  bo th  p l a t inum-con ta in ing  and p l a t i n u m - f r e e  sam- 
p l e s  (see Tables  18 and 20) ,  i t  i s  l i k e l y  t h a t  n i c k e l  d i f f u s i o n  i n t o  t h e  chromium- 
tungs t en  a l l o y  i s  a more s i g n i f i c a n t  f a c t o r  than p l a t inum d i f f u s i o n .  A s  w i l l  b e  
shown la ter  i n  t h e  s t u d i e s  of thermal  s t a b i l i t y  of t h e  chromium-tungsten a l l o y ,  
chromium d i f f u s i o n  i n t o  t h e  c l a d d i n g  a l l o y  may a l s o  be  a f a c t o r  i n  t h e  poor bend 
d u c t i l i t y .  
S ince  poor bend d u c t i l i t y  was 
A s  a f u r t h e r  a i d  i n  d e f i n i n g  t h e  s o u r c e  of contaminat ion  of c l a d  chromium- 
tungs t en  a l l o y  samples d u r i n g  o x i d a t i o n  exposure ,  t h r e e  new c l a d d i n g  systems were 
prepared. These systems are i d e n t i f i e d  below: 
System Barrier Layer Cladding Layer A lumi n i  zed 
13 1.5 m i l  W None No 
14 None 5 m i l  Ni-30 weight No 
15 0.5 m i l  W 5 m i l  Ni-30 weight Y e s  (5  weight  
p e r c e n t  C r  
p e r c e n t  C r  p e r c e n t )  
Aluminizing d a t a  f o r  System 15 samples and t h e  d i s p o s i t i o n  of t h e  v a r i o u s  samples 
from a l l  t h r e e  systems are inc luded  i n  Appendix Tables  A - 1  and A-2. 
were p repa red  u s i n g  a n  e l e c t r o p o l i s h e d  chromium a l l o y  s u b s t r a t e  and t h e  wrap- 
around t echn ique  shown i n  F i g u r e  43. 
u s i n g  a 10,000 p s i  p r e s s u r e  a p p l i e d  f o r  2 hours .  
pa red  u s i n g  Lot  67-100 chromium a l l o y  w h i l e  System 14 samples were p repa red  u s i n g  
Lo t  64-100 chromium a l l o y .  
A l l  samples 
Gas-pressure  bonding was accomplished a t  2150 F 
Systems 13 and 15 samples were p re -  
System 1 3  samples were exposed a t  2100 F i n  a h i g h - p u r i t y  a rgon  atmosphere 
(99.999 p e r c e n t  min.). 
t o  2100 F u s i n g  f i v e  c y c l e s  of e i t h e r  2 hDurs o r  20 hours  t o  g i v e  a t o t a l  t i m e  of 
10 o r  100 hours  a t  tempera ture .  
t u n g s t e n  and /o r  i n t e r d i f f u s i o n  of t u n g s t e n  a t  t h e  chromium a l l o y  s u r f a c e  were t h e  
primary causes  of f a i l u r e ,  t h e s e  samples would be  e m b r i t t l e d ,  b u t  t h a t  t hey  would 
b e  d u c t i l e  i f  n i c k e l  o r  chromium d i f f u s i o n  was r e s p o n s i b l e .  
comparison, some samples were t e s t e d  as c l a d .  
Samples were encapsu la t ed  i n  c l e a r  q u a r t z  t u b e s  and cyc led  
It w a s  a n t i c i p a t e d  t h a t  i f  thermal  f a t i g u e  of t h e  
To prov ide  a b a s i s  f o r  
The System 14 samples (no tungs t en  b a r r i e r  under N i - 3 O C r )  were c y c l i c a l l y  
exposed i n  a i r  a t  2100 F u s i n g  f i v e  20-hour cyc le s .  
under a luminized  Ni-30Cr) samples were exposed for 100 hours  a t  2100 F u s i n g  both  
System 15 ( t u n g s t e n  b a r r i e r  
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TABLE 25. RELATIVE CONTENTS OF INTERDIFFUSING ELEMENTS AT 
SEVERAL DEPTHS I N  DECLAD SYSTEM l b  SAMPLES 
Amount of Cyc l i c  Oxida- Relative 
Sample C r  A l loy  t i o n  Exposure,  Content  (1) of  
Number Removed, m i l s  20-hr c y c l e s  N i  P t  A 1  W 
64-100 unclad  b a s e  - No ne A B C D  
11-44 1 600 h r  a t  2100 F 60A 100B C D 
-45 14 D i t t o  A B C D  - 47 7 120 h r  a t  2300 F 5A 2B C D  
(1) These d a t a  are compara t ive  a n a l y s e s ,  t h e  t h r e e  bend samples 
be ing  compared t o  t h e  base ,  Thus, the as - r ece ived  b a s e  con- 
t a i n s  A p e r c e n t  n i c k e l  (a ve ry  small  t race q u a n t i t y )  s i n c e  
a l l  o t h e r  c o n s t i t u e n t s  b e s i d e s  C r y  W ,  Y ,  S ,  and t h e  i n t e r s t i -  
t ia ls  are less t h a n  IMX, ppm, and Sample 11-44 c o n t a i n s  s i x t y  
t i m e s  as much n i c k e l  as t h e  base.  Absolu te  q u a n t i t i e s  are 
no t  known. 
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c y c l i c  and cont inuous  exposures .  
s i n c e  i n t e r d i f f u s i o n  would occur  unchecked i n  t h e  absence  of a tungs t en  b a r r i e r .  
System 15 was expec ted  t o  b e  e m b r i t t l e d  by c y c l i c  exposure  b u t  no t  by cont inuous  
exposure  i f  d i f f u s i o n  occurred  p r i m a r i l y  through c r a c k s  i n  t h e  b a r r i e r ,  and e q u a l l y  
i n  b o t h  exposures  i f  c r ack ing  of t h e  b a r r i e r  was not  t h e  major f a c t o r .  
System 14 was expec ted  t o  b e  s e v e r e l y  e m b r i t t l e d  
S u r f a c e s  of  t h e  exposed (argon)  System 13 samples showed no v i s u a l  evi- 
dence  of t h e  exposure.  The tungs t en  f o i l  edges p r o t r u d i n g  around t h e  sample were 
b r i t t l e ,  and some ch ipp ing  occurred  d u r i n g  hand l ing  a f t e r  exposure.  
d a t a  were t h u s  meaningless  on t h o s e  samples.  No cracks were p r e s e n t  i n  t h e  t u n g s t e n  
f o i l .  
Weight change 
The average  weight  g a i n  of Systems 14 and 15 samples d u r i n g  o x i d a t i o n  ex- 
posu re  a t  2100 F was as fo l lows:  
2 2.29 mg/cm 
2 
System 14 100-hr c y c l i c  exposure  
System 15 100-hr c y c l i c  exposure  0.77 mg/cm 
System 15 100-hr cont inuous  exposure  0.45 mg/cm2 
The we igh t  g a i n  f o r  System 14 samples was somewhat h i g h e r ,  and f o r  System 15 samples 
somewhat lower t h a n  expec ted  from ear l ie r  work on similar systems (see Table  9). 
The d i f f e r e n c e s  were r e l a t i v e l y  small, however, and p robab ly  are no t  s i g n i f i c a n t .  
Weight g a i n  d a t a  and appearance  of samples a f t e r  exposure  i n d i c a t e d  complete  pro- 
t e c t i o n  of t h e  s u b s t r a t e s  from ox ida t ion .  
Bend tes t  r e s u l t s  f o r  t h e s e  t h r e e  systems a f t e r  exposure a t  2100 F are 
shown i n  Table  26. It i s  a p p a r e n t  from t h e  d a t a  t h a t  the tungs t en  c l add ing  p rocess  
used  i n  System 13 samples  i n c r e a s e d  t h e  t r a n s i t i o n  tempera ture  somewhat s i n c e  elee- 
t r o p o l i s h e d  chromium a l l o y  from Lot  67-100 had a t r a n s i t i o n  t empera tu re  of G O O  F. 
A p a r t  of t h i s  d i f f e r e n c e  may b e  t h e  r e s u l t  of r e c r y s t a l l i z a t i o n  of t h e  chromium 
a l l o y  d u r i n g  gas -p res su re  bonding, 
2100 F d i d  n o t  appea r  t o  a l t e r  t h e  d u c t i l i t y  t r a n s i t i o n  tempera ture  s i g n i f i c a n t l y .  
Tungsten contaminat ion  from t h e  barrleer l a y e r  is  a p p a r e n t l y  n o t  a major  c o n t r i b u t o r  
t o  t h e  poor  bend d u c t i l i t y  observed i n  c l a d  samples a f t e r  ox ida t ion .  
was s e v e r e l y  e m b r i t t l e d  by c y c l i c  exposure  a t  2100 F, as was a n t i c i p a t e d ,  t h e  t r a n s -  
i t i o n  t empera tu re  be ing  r a i s e d  t o  nea r  1400 F. System 15 samples were a l s o  s e v e r e l y  
e m b r i t t l e d  by exposure  t o  c y c l i c  o x i d a t i o n  a t  2100 F. I n  t h i s  ca se ,  t h e  
t r a n s i t i o n  tempera ture  was n e a r  1500 F. 
aluminum does not  c o n t r i b u t e  s i g n i f i c a n t l y  t o  l o s s  of bend p r o p e r t i e s  (see page 84), 
i t  i s  concluded t h a t  a 1/2-mil  t u n g s t e n  b a r r i e r  l a y e r  h a s  l i t t l e  e f f e c t  on i n t e r d i f -  
f u s i o n  and  may a c t u a l l y  b e  somewhat d e t r i m e n t a l .  Ra the r  s u r p r i s i n g l y ,  cont inuous  
o x i d a t i o n  f o r  100 hour s  r e s u l t e d  i n  a lmost  t h e  same bend p r o p e r t i e s  as c y c l i c  ox i -  
d a t i o n .  
m a l  c r a c k i n g  of t h e  b a r r i e r .  One sample o f  each  sys tem was dec lad  b e f o r e  exposure 
a t  2100 F and examined f o r  t h e  p r e s e n c e  of c r a c k s  i n  t h e  s u b s t r a t e .  None were 
found. A s imi l a r  examinat ion  a f t e r  exposure  a t  2100 F showed c r a c k s  t o  b e  p r e s e n t  
i n  Systems 14 and 1 5  samples ,  b u t  n o t  i n  System 13 samples.  The amount of s u r f a c e  
c rack ing  i n  ox id i zed  System 15 samples appeared g r e a t e r  a f t e r  c y c l i c  exposure than  
a f t e r  noncyc l i c  exposure.  
c y c l i c  o x i d a t i o n  exposure i s  shown i n  F i g u r e  51. Comparison w i t h  t h e  c r a c k  p a t t e r n s  
shown i n  F i g u r e s  47 through 49 i n d i c a t e s  a lesser degree  of c r ack ing  i n  t h i s  sample. 
Th i s  may b e  r e l a t e d  e i t h e r  t o  t h e  fewer number of c y c l e s  o r  t o  t h e  d i f f e r e n c e  i n  
sample c l add ing  t echn ique  (yoke v e r s u s  wrap-around). A s  i n d i c a t e d  ear l ie r ,  System 
l b  samples (1.5 m i l  b a r r i e r  v e r s u s  0.5 m i l  W b a r r i e r  i n  System 15) prepared  by t h e  
wrap-around t echn ique  and cyc led  f i v e  t i m e s  a t  2100 F u s i n g  20-hour c y c l e s  showed 
no s u r f a c e  cracks on dec ladding .  
Thermal c y c l i n g  f o r  e i t h e r  10 o r  100 hours  a t  
System 14 
S i n c e  p rev ious  work h a s  sugges ted  t h a t  
T h i s  r e s u l t  s u g g e s t s  t h a t  i n t e r d i f f u s i o n  i s  n o t  p r i m a r i l y  r e l a t e d  t o  t h e r -  
The c r a c k  p a t t e r n  observed i n  a System 15  sample a f t e r  
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TABLE 26. BEND PROPERTIES OF THREE CLADDING SYSTEMS AFTER 
EXPOSURE AT 2100 F 
Type of Load- 
Sample Bend Bend Angle  (degrees)  a t  D e f l e c t i o n  
System Number Temp., F Crack I n i t i a t i o n  F a i l u r e  Curve(1) 
13 
13 
13 
14 
15 
15 
No Exposure,  t e s t e d  as c l a d  
13-16 600 <10 < l o  
-15 700 <5 <5 - 14 8 00 >90 >9 0 - 13 1200 >90 >90 
Exposed 10 h r  a t  2100 F i n  Argon, 2-hr c y c l e s  
13-3 6 00 <5 <5 
-4 700 20 20 
-2 800 >90 >90 
-1 1200 3105 >lo5 
Exposed 100 h r  a t  2100 F i n  Argon, 20-hr c y c l e s  
13-9 600 30 30 
-10 7 00 20 20 
-8 8 00 >loo >loo 
-7 1200 >loo >loo 
*Bed 100 h r  a t  2100 F i n  A i r ,  20-hr c y c l e s  
14-2 1200 15 15 
-3 1400 50 50 
-4 1500 >loo >loo 
-1 1600 >loo >loo 
15-10 1200 20 20 
-11 1400 30 30 
-9 1500 35 35 
-8 1600 >loo >loo 
Continuous Exposure f o r  100 h r  a t  2100 F i n  A i r  
15- 1 1200 25 25 
-3 1400 35 35 
-4  1500 50 50 
-5 1600 >loo >loo 
1 
1 
4 
4 
1 
1 
4 
4 
1 
1 
4 
4 
1 
1 
4 
4 
1 
1 
1 
4 
1 
1 
1 
4 
(1) See  F i g u r e  38 f o r  a n  i l l u s t r a t i o n  o f  t h e  f o u r  t y p e s  of load- 
d e f l e c t i o n  curves .  
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20x 6 C 7 5 0  
FIGURE 51. SURFACE APPEARANCE O F  SYSTEM 15 SAMPLE AFTER CYCLIC OXIDATION A T  
2100 F AND DECLADDING (Sample 15-7, 100 h r  a t  2100 F, 20-hr cycles) 
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The m i c r o s t r u c t u r e  of System 13 b o t h  
f o r  100 hour s  a t  2100 F i s  shown i n  F i g u r e  52. 
t u n g s t e n  l a y e r .  Some g r a i n  growth appeared t o  
a l l o y  du r ing  c y c l i c  exposure.  A small band of 
a s -c l ad  and a f t e r  c y c l i c  exposure  
No c r a c k i n g  was a p p a r e n t  i n  t h e  
have occur red  i n  t h e  chromium 
r e c r y s t a l l i z e d  tungs t en  may a l s o  
have- developed n e a r  t h e  tungs ten :  chromium a l l o y  i n t e r f a c e .  
System 14 samples showed evidence  of contaminat ion  i n  t h e  a s - c l a d  s a m -  
p l e s ,  as shown i n  F i g u r e  53. Contaminat ion was e v i d e n t  v i s u a l l y  t o  a d e p t h  of 
about  0.7 m i l .  An unusual  l a r g e  blocky phase  was a l s o  present a t  the i n t e r f a c e .  
A f t e r  c y c l i c  o x i d a t i o n  a t  2100 F ,  t h e  dep th  of heavy contaminat ion  was i n c r e a s e d  
t o  abou t  1.1 m i l  as shown i n  F i g u r e  54. 
g r e a t e r  dep th  i n  t h i s  case, no longer  c o e x i s t i n g  w i t h  t h e  d a r k  p r e c i p i t a t e  contam- 
i n a t i o n .  
tamina ted  reg ion .  
o x i d a t i o n  with t h e  r e s u l t s  shown i n  Tab le  27. 
a p p a r e n t  t o  a d e p t h  of a lmos t  4 m i l s .  
t a i n e d  i n  a yoke of N i - 3 0  weight  p e r c e n t  chromium, i rndicated as much as 7 m i l s  con- 
t amina t ion  as shown i n  Tab le  12. The blocky phase  was c o n s i d e r a b l y  h a r d e r  t h a n  t h e  
material a d j a c e n t  t o  it. Knoop hardness  r e a d i n g s  u s i n g  a 25-gram load  gave t h e  
fo l lowing  r e s u l t s :  
The blocky phase  w a s  s e e n  a t  a cons ide rab ly  
Gra in  boundary c rack ing  appeared t o  have occurred  i n  t h e  h e a v i l y  con- 
Microhardness  r e a d i n g s  were made on t h i s  system a f t e r  c y c l i c  
Apprec iab le  hardness  i n c r e a s e  w a s  
Earlier measurements, made on samples con- 
Blocky phase  1100 t o  1480 KHN 
Adjacent  C r  a l l o y  matrix 615 KHN 
System 15 a l s o  showed some ev idence  of contaminat ion  i n  t h e  c l a d  c o n d i t i o n  
as shown i n  F i g u r e  55. The contaminated r e g i o n s  tended t o  b e  a s s o c i a t e d  w i t h  r e c r y s -  
t a l l i z e d - a p p e a r i n g  areas i n  t h e  b a r r i e r  l a y e r .  A f t e r  cont inuous  o x i d a t i o n  f o r  100 
hour s  a t  2100 F ,  c o n s i d e r a b l y  more contaminat ion  w a s  p r e s e n t ,  as shown i n  F i g u r e  56. 
Again,  contaminat ion  appeared r e l a t e d  t o  r e c r y s t a l l i z a t i o n  i n  t h e  b a r r i e r  l a y e r .  
Cracking o f  t h e  b a r r i e r  l a y e r  was not  e x t e n s i v e ,  b u t  c r acks  were f r e q u e n t l y  observed 
i n  the chromium a l l o y  i n  contaminated r eg ions .  Two s i d e s  of one sample are i l l u s -  
t r a t e d  i n  F i g u r e  56 t o  p o i n t  o u t  a v a r i a t i o n  i n  tungs t en  observed i n  a l l  of t h e  sam-  
p l e s  prepared  u s i n g  t h e  wrap-around technique .  It i s  r e a d i l y  seen  t h a t  t h e  b a r r i e r  
l a y e r  i s  q u i t e  d i f f e r e n t  on one s i d e  as compared t o  t h e  o t h e r .  Major d i f f e r e n c e s  
i n  t h i c k n e s s  are ev iden t .  A check of t h e  a s - r ece ived  tungs t en  f o i l  showed t u n g s t e n  
t h i c k n e s s  v a r i a t i o n  as fo l lows:  
0.5 m i l  s t o c k  0.4 t o  0.7 m i l  
1.5 m i l  s t o c k  1 .7  t o  2 .3  m i l s  
I n  a d d i t i o n ,  i t  appeared  t h a t  t h e  t h i n n e r  material r e c r y s t a l l i z e d  more r e a d i l y ,  o r  
pe rhaps  contaminated more r a p i d l y ,  t h a n  the t h i c k e r  material, (Bacause t h i s  two- 
s i d e d n e s s  was even more pronounced i n  System l b ,  f a c t o r s  o t h e r  t h a n  b a r r i e r  l a y e r  
t h i c k n e s s  are obvious ly  impor tan t . )  
i n  p r e p a r i n g  c l a d  samples ,  t h e s e  d i f f e r e n c e s  i n  behavior  r e s u l t e d  i n  some d i f f i -  
c u l t y  i n  ana lyz ing  t h e  test r e s u l t s .  
S i n c e  tungs t en  material w a s  randomly s e l e c t e d  
The appearance  of the System 15 sample exposed t o  c y c l i c  o x i d a t i o n  i s  
shown i n  F i g u r e  57. 
c l add ing  a l l o y  and i n  t h e  chromium a l l o y .  
shape  than  t h e  samples exposed t o  s t a t i c  ox ida t ion .  
This sample showed major  amounts of p i t t i n g  i n  t h e  n i c k e l  
I n  g e n e r a l ,  i t  appeared i n  much worse 
The e x t e n s i v e  d e g r a d a t i o n  of t h e  b a r r i e r  l a y e r  i n  System 15,  and t h e  rela- 
t i v e l y  small changes i n  t u n g s t e n  appearance i n  System 13, i n d i c a t e  t h a t  a luminized  
nickel-chromium a l l o y  is  r e a c t i n g  w i t h  t h e  b a r r i e r  l a y e r  and r e s u l t i n g  i n  i t s  r a p i d  
1 1 4  
Barrier 
- 
Cr alloy 
500X (a) As clad 60552 
500X 60561 
(b) Cyclically exposed in argon fo r  100 hr at 2100 F 
FIGURE 52. MICROSTRUCTURE OF SYSTEM 13 SAMPLES 
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1oox 60558 
Ni alloy 
Cr alloy 
500X 60557 
FIGURE 53. MICROSTRUCTURE OF SYSTEM 14, AS CLAD 
(Sample 14-7 
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lOOX 60570 
N i  alloy 
C r  alloy 
N i  alloy 
Cr alloy 
500X 60571 
FIGURE 54. MICROSTRUCTURE O F  SYSTEM 14 SAMPLE AFTER 
100-HR CYCLIC OXIDATION AT 2100 F (Sample 14-6) 
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TABLE 27. KNOOP HARDNESS OF SYSTEM 14 SAMPLE AFTER 100-HOUR 
CYCLIC OXIDATION AT 2100 F (25-gm LOAD) 
- ~ 
Distance from Knoop 
Cladding: Cr Alloy Hardness 
Interface, mils Number Microstructural Region 
-3.0 310 Ni-30 weight percent Cr cladding 
-2.2 244 Ditto 
-1.4 195 I t  
-0.6 260 11 
-0.2 342 1 1  
0.2 
0.6 
1.0 
1.4 
1.8 
2.2 
3.0 
3.8 
4.2 
5.4 
7.0 
780 
780 
1010 
570 
540 
680 
634 
36 0 
290 
295 
28 0 
Heavy precipitate zone 
Ditto 
Clear zone with different etch 
response and few hard particles 
Ditto 
11 
11 
I! 
1 1  
Unaffected C-c alloy 
Ditto 
I t  
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FIGURE 55. MICROSTRUCTURE OF SYST3EM 15 SAMPLE, AS CLAD 
(Sample 15-2) 
500X 60559 
500X 60560 
FIGURE 56. MICROSTRUCTURE OF SYSTEM 15 SAMPLE AFTER 100-HOUR 
CONTINUOUS OXIDATION AT 2100 F 
Two s i d e s  of sample shown (Sample 15-6). 
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FIGURE: 57, MICROSTRUCTURE OF SYST& 15 SAMPLE AFTER 
100-HR CYCLIC OXIDATION AT 2100 F (Sample 15-7) 
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d e s t r u c t i o n .  
c l a d  w i t h  a luminized  Ni -Cr -W a l l o y ,  t h i s  t ungs t en -con ta in ing  c l add ing  material seems 
somewhat more compat ib le  w i t h  t u n g s t e n  b u t  s t i l l  attacks i t  f a i r l y  r a p i d l y .  
ments i n  c l add ing  sys tems shou ld  c o n c e n t r a t e  on p r o t e c t i n g  t h e  b a r r i e r  l a y e r  from 
attack by  the n icke l -base  c l a d d i n g  a l l o y .  
A s  can  b e  s e e n  by comparing t h e  r e s u l t s  p re sen ted  ear l ie r  f o r  samples 
Improve- 
Thermal S t a b i l i t y  of Chromium-5 Weight P e r c e n t  Tungsten 
It w a s  cons ide red  t h a t  t h e  chromium-base a l l o y  might  i t s e l f  be  s u b j e c t  t o  
i n s t a b i l i t y ,  and t h a t  t h e  contaminat ion  observed m e t a l l o g r a p h i c a l l y  i n  c l a d  samples 
a f t e r  o x i d a t i o n  might  no t  b e t h e  only  cause  of poor  bend d u c t i l i t y .  To check t h i s  
p o s s i b i l i t y ,  e l e c t r o p o l i s h e d  bend samples from Lot  67-100 were encapsu la t ed  i n  a n  
atmosphere of h i g h - p u r i t y  a rgon  (99,999 p e r c e n t )  and the rma l ly  cyc led  between room 
tempera tu re  and 2100 o r  2300 F t o  s i m u l a t e  t h e  thermal  c y c l e s  used d u r i n g  o x i d a t i o n  
t e s t i n g .  Samples were cyc led  e i t h e r  f o r  10 hour s  u s i n g  2-hour c y c l e s  o r  f o r  100 
hour s  u s i n g  20-hour cyc le s .  The bend p r o p e r t i e s  a f t e r  thermal  c y c l i n g  are shown i n  
Table  28. 
exposure  as fo l lows  : 
The d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture  i s  seen  t o  v a r y  w i t h  thermal  
None (see Tab le  22) 
10 h r  a t  2100 F 
100 h r  a t  2100 F 
10 h r  a t  2300 F 
100 h r  a t  2300 F 
<300 F 
600-750 F 
1000-1100 F 
IOOO-11OO F 
1000-1100 F 
None of t h e  samples showed any obvious s u r f a c e  d i s c o l o r a t i o n .  Some d i s c o l o r a t i o n  
of t h e  q u a r t z  t u b e  w a s  observed,  however. S u r p r i s i n g l y ,  t h e  l o s s  of d u c t i l i t y  
accompanying thermal c y c l i n g  appeared t o  reach a l i m i t i n g  v a l u e  of about  1000-1100 F 
i n s t e a d  of i n c r e a s i n g  w i t h  exposure  t i m e  o r  temperature .  
S e v e r a l  t he rma l ly  cyc led  samples were bend t e s t e d  a f t e r  removal o f  3 t o  
10 m i l s  of material from t h e  s u r f a c e s  by e l e c t r o p o l i s h i n g .  A s  shown i n  Table  29,  
some improvement i n  d u c t i l i t y  occurred  i n  samples  cyc led  10 hour s  a t  2100 o r  2300 F, 
b u t  even removal of 10 m i l s  of material w a s  no t  adequa te  t o  s u b s t a n t i a l l y  d e c r e a s e  
t h e  d u c t i l i t y  t r a n s i t i o n  t empera tu re  i n  samples cyc led  f o r  100 hours  a t  2100 o r  
2300 F. It should  b e  noted  t h a t  t h e  chromium a l l o y  r e c r y s t a l l i z e d  d u r i n g  thermal  
exposure  i n  a rgon ,  w h i l e  the b a s e  d u c t i l i t y  measurements were made on material i n  
t h e  wrought c o n d i t i o n .  
M i c r o s t r u c t u r e s  of  samples  cyc led  f o r  10 hour s  a t  2100 and 2300 F are 
shown i n  F i g u r e  58. The o n l y  m i c r o s t r u c t u r a l  f e a t u r e  of n o t e  i s  t h e  f i n e r  g r a i n  
s i z e  nea r  the su r face .  There i s  no ev idence  of vo id  format ion ,  contaminat ion ,  o r  
s u r f a c e  c racking .  Microhardness  traverses made on t h e s e  samples were unable  t o  
d e t e c t  any d i f f e r e n c e  i n  ha rdness  between t h e  s u r f a c e  and t h e  cen te r .  The ave rage  
Knoop ha rdness  (10-gm load)  a f t e r  thermal  c y c l i n g  f o r  10 hour s  a t  e i t h e r  2100 o r  
2300 F was 280. The hardness  of  t h e  a s - r ece ived  a l l o y ( w r o u g h t  s t r u c t u r e )  was 415. 
A s  shown below, a n a l y s i s  of t h r e e  samples €or  n i t r o g e n  showed no i n c r e a s e  
i n  n i t r o g e n  c o n t e n t  as a r e s u l t  of thermal  c y c l i n g  i n  argon: 
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TABLE 28. BEND PROPERTIES OF THERMALLY CYCLED 
CHROMIUM-5 WEIGHT PERCENT TUNGSTEN ALLOY (l) 
Bend Angle (de rees) Type of Load- 
Temp., F a t  F a i l u r e  E?) D e f l e c t i o n  Curve(3) Bend 
Exposed10 h r  a t  2100 F, 2-hr c y c l e s  
500 <5 
6 00 -a 
750 .loo 
1000 >loo 
1 
1 
4 
4 
Exposed 100 h r  a t  2100 F, 20-hr cycles 
750 4 
1000 <5 
1100 >85 
1200 >lo5 
1 
1 
4 
4 
Exposed10 h r  a t  2300 F,  2-hr c y c l e s  
440 <5 
1000 <5 
1100 >7 0 
1200 >loo 
1440 >lo5 
ExposedUX) h r  at 2300 F, 20-hr c y c l e s  
1000 -a 
1100 >loo 
1200 >110 
1 
4 
4 
E l e c t r o p o l i s h e d  specimens were cyc led  w i t h i n  argon- 
f i l l e d  c a p s u l e s .  
Crack i n i t i a t i o n  immediately preceded f a i l u r e  i n  
a l l  c a s e s .  
See F i g u r e  38 f o r  an i l l u s t r a t i o n  of f o u r  types  of 
l o a d - d e f l e c t i o n  curves.  
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TABLE 29. BEND PROPERTIES OF THERMALLY CYCLED CHROMIUM ALLOY 
SAMPLES AFTER REMOVAL OF SURFACE MATERIAL(') 
Amount of Bend Angle Type of Load- 
Material Removed, Bend Deflection 
Thermal Exposure mi Is/ s ide Temp., F Failure Curve( 3) 
10 hr at 2100 F 3 
100 hr at 2100 F 4 
Ditto 10 
500 50 
8 00 <5 
500 <5 
1 
1 
1 
10 hr at 2300 F 4 1000 >loo 4 
100 hr at 2300 F 3 
Ditto 10 
800 -a 
500 <5 
1 
1 
(1) Electropolished specimens were cycled within argon-filled capsules. 
(2) Cracking immediately preceded failure. 
(3) See Figure 38 for an illustration of the four types of load-deflection 
curves. 
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1oox (a) 10 h r  at 2100 F 1C785 
lOOX (b) 10 hr at 2300 F IC784 
FIGURE 58. MICROSTRUCTURE OF CHROMIUM-TUNGSTEN ALLOY 
AFTER THERMAL EXPOSURE IN ARGON (2-hr cycles) 
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A s  e l e c t r o p o l i s h e d  
Cycled 10 h r  a t  2100 F 
Cycled 10 hr a t  2300 F 
Ni t rogen  Content ,  ppm 
50 
50 
50 
X-ray f l u o r e s c e n c e  a n a l y s i s  was used t o  de te rmine  whether  t h e r e  w a s  any contamina- 
t i o n  from s i l i c o n  o r  l o s s  i n  chromium d u r i n g  a rgon  exposure.  
shown below: 
These r e s u l t s  are 
Relative Content  a t  10 
Micron Depth 
S i l i c o n  Chrcmium --
A s  e l e c t r o p o l i s h e d  A B 
Cycled 10 h r  a t  2300 F 1 5 A  0.75 B 
S i n c e  the s i l i c o n  c o n t e n t  was low t o  s ta t t  with, t h e  i n c r e a s e  shown i s  n o t  b e l i e v e d  
t o  account  f o r  t h e  observed i n c r e a e e  i n  t r a n s i t i o n  tempera ture .  
t h a t  s i l i c o n  h a s  a r e l a t i v e l y  s m a l l  e f f e c t  on t h e  t r a n s i t i o n  temperature(P7) .  A 
25-percent  l o s s  i n  chromium,on the o t h e r  hand, would i n c r e a e e  t h e  e f f e c t i v e  s u r f a c e  
t u n g s t e n  c o n t e n t  t o  abou t  7 p e r c e n t ,  and tungs t en  i s  r e p o r t e d  t o  r a p i d l y  i n c r e a s e  
t h e  t r a n s i t i o n  tempera ture  of chromium(17). 
i n  t r a n s i t i o n  tempera ture  may r e p r e s e n t  a r e s t r i c t i o n  i n  chromium d i f f u s i o n  r a t e  
as t h e  t u n g s t e n  c o n t e n t  nea r  t h e  s u r f a c e  i s  inc reased .  
It i s  re o r t e d  
The appa ren t  l i m i t i n g  v a l u e  of change 
The i n s t a b i l i t y  of t h e  chromium-5 weight  p e r c e n t  t u n g s t e n  a l l o y  seems a t  
T h i s  s u g g e s t s  that  chromium d i f f u s i o n  through t h e  b a r r i e r  l a y e r  i n  c l a d  
least p a r t i a l l y  r e l a t e d  t o  tungs t en  enrichment  of  t h e  s u r f a c e  due t o  t h e  l o s s  of 
chromium. 
samples may be a f a c t o r  i n  t h e i r  poor bend d u c t i l i t y .  
New Coat inP System 
I n  con junc t ion  w i t h  t h e  s t u d i e s  j u s t  d e s c r i b e d ,  a b r i e f  examinat ion  of  
two a l t e r n a t e  c o a t i n g  systems,  vapor  d e p o s i t e d  s i l i c o n  and iron-chromium-aluminum 
a l l o y  c l a d ,  w a s  a l s o  made. 3-1/2 x 3/4- inch samples of  Lot  64-100 were s i l i c o n i z e d  
and s i x  3-1/2 x 3/4- inch samples of L o t  64-100 were c l a d  w i t h  iron-chromium- 
aluminum a l l o y .  These systems are numbered 16 and 17 ,  r e s p e c t i v e l y .  
S i x  samples were s i l i c o n i z e d  i n  a s t a i n l e s s  s tee l  r e t o r t  c o n t a i n i n g  a 
mix tu re  o f  99 weight  p e r c e n t  s i l i c o n  powder (-200 mesh) and 1 weight  p e r c e n t  sodium 
f l u o r i d e ,  The r e t o r t  was evacuated  and then  f i l l e d  w i t h  a rgon  t o  a p r e s s u r e  o f  800 
mm mercury. 
ment which c o n s i s t e d  of  h e a t i n g  t h e  assembly t o  1800 F ,  ho ld ing  1 hour  and 40 min- 
u t e s  a t  tempera ture  and c o o l i n g  i n  air ,  Weight g a i n  d u r i n g  s i l i c o n i z i n g  v a r i e d  
The p r e s s u r e  was main ta ined  a t  800 mm d u r i n g  t h e  s i l i c o n i z i n g  treat- 
from 17 t o  23  mg/cm 2 w i t h  a n  ave rage  v a l u e  f o r  t h e  s i x  samples of 19 mg/cm2. 
The twelve samples c l a d  with t h e  i ron-base  a l l o y  were prepared  by gas- 
p r e s s u r e  bonding. 
a b a r r i e r  l a y e r .  
s teel  envelope d u r i n g  gas -p res su re  bonding t o  p reven t  contaminat ion  from carbon. 
A 5 - m i l  s h e e t  of Fe-22Cr-5Al was bonded t o  t h e s e  samples wi thou t  
A molybdenum s h e e t  w a s  used between t h e  i ron -base  a l l o y  and t h e  
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The s i l i c o n i z e d  samples ,  System 16, were bend t e s t e d  as -coa ted  t o  d e t e r -  
mine t h e  e f f e c t  of s i l i c o n i z i n g  on bend d u c t i l i t y .  
t empera tu re  as fol lows:  
Bend a n g l e s  varied w i t h  test 
Temp., F Bend Angle (degrees)  a t  F a i l u r e  
1200 <20 
1300 >90 (Type 2 curve ,  c r a c k  format ion  a t  20  degrees )  
1400 >loo 
The t r a n s i t i o n  t empera tu re  w a s  q u i t e  c l o s e  t o  1300 F. I n  view of  t h e  poor  bend 
d u c t i l i t y  as s i l i c o n i z e d ,  no samples were exposed t o  c y c l i c  o x i d a t i o n ,  
S i x  of t h e  i r o n - b a s q a l l o y - c l a d  System 17 samples were exposed t o  c y c l i c  
o x i d a t i o n  a t  2100 F u s i n g  20-hour cyc les .  A f t e r  t h e  f i r s t  c y c l e ,  i t  was appa ren t  
t h a t  severe o x i d a t i o n  w a s  occu r r ing ,  Oxida t ion  tests of t h e  a s - r ece ived  f o i l  used 
i n  c l a d d i n g  the System 17  samples showed t h a t  the o x i d a t i o n  rate of the c l a d  sam-  
p l e s  was s i g n i f i c a n t l y  g r e a t e r  t han  t h a t  of t h e  f o i l .  Contaminat ion of t h e  i r o n -  
b a s e  a l l o y  by molybdenum was cons ide red  t h e  most p robab le  cause  of t h e  poor  oxida-  
t i o n  r e s i s t a n c e ,  X-ray f l u o r e s c e n s e  a n a l y s i s  showed c l a d  samples t o  c o n t a i n  400 
t i m e s  more molybdenum i n  t h e  c l a d d i n g  t h a n  was o r i g i n a l l y  p r e s e n t  i n  t h e  f o i l .  
Removal of 2 m i l s  of c l add ing  reduced t h i s  on ly  t o  100 times t h e  b a s e  va lue .  It 
was concluded t h a t  t h e  c l a d d i n g  was s e r i o u s l y  contaminated w i t h  molybdenum d u r i n g  
gas-pressure  bonding and f u r t h e r  work on these samples was stopped. 
PREPARATION OF EROSION BARS 
Nine Cr-5W e r o s i o n  test  b a r s  approximate ly  4 x 1 x 1/4 i n c h  w i t h  a wedge- 
shaped c r o s s - s e c t i o n  on one edge were c l a d  w i t h  a 1-1/2-mil t u n g s t e n - b a r r i e r  f o i l  
and 5 - m i l  Ni-20Cr-20W o u t e r  c l add ing  and were a luminized  (System l b ) .  These b a r s  
were s u p p l i e d  t o  NASA f o r  dynamic t e s t i n g  i n  a h igh- tempera ture  environment.  
P r e l i m i n a r y  tests w i t h  v a r i o u s  bonding f i x t u r e s  i n d i c a t e d  t h a t  t o t a l l y  
compressed coverage of  f o i l s  over  t h e  nose  area ( l e a d i n g  edge) would b e  a problem. 
It was found t h a t  c l a d d i n g  f o i l s  ga the red  a t  t h e  sample nose forming a g r o s s  w r i n k l e  
and a v o i d  between t h e  c l a d  and s u b s t r a t e .  Such v o i d s  might cause  premature  
f a i l u r e  of t h e  c l add ing  sys tem d u r i n g  t es t  and were, t h e r e f o r e ,  u n d e s i r a b l e .  
A s u c c e s s f u l  t echn ique  w a s  subsequen t ly  dev i sed  which employed a two- 
s t a g e  o p e r a t i o n  du r ing  bonding. The f i r s t  s t a g e  involved  t h e  select ive movement 
of  t h e  s u b s t r a t e  noye i n t o  t h e  f i x t u r e  s o  t h a t  t h e  c l a d d i n g  f o i l s  were smoothed 
ove r  the nose.  During t h e  second s t a g e  of t h e  p rocess ,  t h e  c o n t a i n e r  c o l l a p s e d  tD 
achieve t h e  i n t i m a t e  c o n t a c t  of Components r e q u i r e d  f o r  m e t a l l u r g i c a l  bonding. 
The bonding f i x t u r e  used and s e l e c t e d  components of a p r o t o t y p e  test b a r  
are  i l l u s t r a t e d  i n  F i g u r e  59. Miss ing  from t h e  p i c t u r e  are t h e  t u n g s t e n  f o i l  i n t e r -  
layer a t  one specimen end, t h e  t u n g s t e n  f o i l s  used t o  cover  t h e  specimen t r a i l i n g  
edge, and t h e  c o n t a i n e r  b a s e  cover.  The carbon s t e e l  c o n t a i n e r  had heavy s i d e  w a l l s  
and a "V-shaped" i n t e r n a l  s l o t  i n  i t s  base. The s t r a i g h t  s i d e  walls of t h e  con- 
t a i n e r  were 1 /4- inch  t h i c k ,  t h e  s loped  w a l l s  were 3/16-inch t h i c k ,  t h e  end walls 
were 1/8- inch t h i c k ,  and t h e  cove r  was 35-mils t h i c k .  
was employed t o  e f f e c t  a n  " i ron ing  out"  of t h e  f o i l s .  
encased  s u b s t r a t e  was p l a c e d  i n t o  t h e  wrapper. The wrapper nose  was p o s i t i o n e d  s o  
A 20-mil ca rbon- s t ee l  wrapper 
For assembly,  t h e  f o i l -  
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t h a t  i t  was 50 m i l s  from s e a t i n g  i n  t h e  bonding c o n t a i n e r  "V-base". 
was h e r m e t i c a l l y  s e a l e d  by welding t h e  t h i n  c o n t a i n e r  cover  i n  p l ace .  
i n g ,  t h e  t h i n  ( 3 5 - m i l )  c o n t a i n e r  l i d  c o l l a p s e d  f i r s t  s o  t h a t  t h e  s u b s t r a t e  was 
d r i v e n  i n t o  i t s  wrapper ( caus ing  a 50-mil movement b e f o r e  t h e  wrapper-specimen 
assembly s e a t e d  i n  t h e  f i x t u r e  V-slot)  t o  e f f e c t  t h e  con tour ing  of t h e  c l a d d i n g  
f o i l s .  Subsequent ly ,  t h e  heavy t a p e r e d  s i d e s ,  s t r a i g h t  s i d e s ,  and end p l a t e s  of 
t h e  bonding c o n t a i n e r  p l a s t i c a l l y  c o l l a p s e d  t o  b r i n g  a l l  specimen components i n t o  
i n t i m a t e  c o n t a c t  f o r  m e t a l l u r g i c a l  bonding, 
c o n t a i n e r  i s  shown i n  F i g u r e  60, 
The specimen 
During bond- 
The selective c o l l a p e e  of a bonded 
A m e t a l l o g r a p h i c  s e c t i o n  of a sample bonded by t h i s  t echn ique  i s  shown 
i n  F i g u r e  61. 
v o i d  formation. 
honing. 
It i s  s i g n i f i c a n t  t h a t  t h e  nose of t h e  specimen w a s  c l a d  wi thou t  
The p r o t r u s i o n  of t h e  o u t e r  c l a d d i n g  f o i l  may be smoothed by 
For t h e  f i n a l  d e s i g n ,  3-1/4 inches  of t h e  b a r  were c l a d  l e a v i n g  t h e  las t  
3/4 i n c h  a t  t h e  hold-down groove and b a s e  unclad. The i n n e r  c l a d d i n g  f o i l  was 
1-1/2-mil t u n g s t e n  w i t h  t h e  e x c e p t i o n  of t h e  t r a i l i n g  edge which was c l a d  w i t h  
1/2-mil tungsten.  
end w a s  capped by a 1 /16- inch  p l a t e  of Ni-30Cr. Three-mil molybdenum f o i l  was 
u t i l i z e d  d u r i n g  f a b r i c a t i o n  t o  p r o t e c t  t h e  o u t e r  c l a d d i n g  and b a r e  s u b s t r a t e  from 
contaminat ion  (carbon d i f f u s i o n  from steel f i x t u r e s ) .  
The o u t e r  c l a d d i n g  f o i l  was 5 - m i l  Ni-20Cr-20W and t h e  sample 
Ten Cr-5W s u b s t r a t e  b a r s  were machined a t  Battells 's Columbus L a b o r a t o r i e s  
acco rd ing  t o  t h e  drawing shown i n  F i g u r e  62. The h e a v i e r  1 /4 - inch - th i ck  Cr-5W s t o c k  
proved t o  b e  a p p r e c i a b l y  more s u s c e p t i b l e  t o  c r a c k i n g  d u r i n g  g r i n d i n g  t h a n  t h e  t h i n -  
n e r  material (1/16-inch) u t i l i z e d  f o r  t h e  bend samples. 
f i n e  g r i n d i n g  c racks  a t  v a r i o u s  l o c a t i o n s  (nose,  hold-down groove, and ends).  These 
samples were s t u d i e d  by dye-penet ran t  i n s p e c t i o n  and a d e s c r i p t i o n  of t h e  d e f e c t s  
and t h e i r  l o c a t i o n  was s u p p l i e d  t o  NASA w i t h  t h e  completed specimens. There was a 
c o n s i d e r a b l e  v a r i a t i o n  i n  dimensions between t h e  t e n  specimens. Th i s  n e c e s s i t a t e d  
t h e  f a b r i c a t i o n  of "tailor-made" c l a d d i n g  components and bonding f i x t u r e s .  
S i x  of t h e  t e n  b a r s  had 
Components f o r  t h e  bonding c o n t a i n e r s  were machined from carbon s teel  
s t o c k  and j o i n e d  by welding, 
20W, and molybdenum f o i l  components were hydropressed  over  a steel  mandrel t o  
a c h i e v e  t h e  d e s i r e d  nose c o n f i g u r a t i o n .  The Ni-30Cr e n d p l a t e s  were machined t o  
match t h e  specimen c r o s s - s e c t i o n s .  
The carbon steel f i x t u r e ,  wrapper,  t u n g s t e n ,  Ni-2OCr- 
The f o i l  components were c u t  t o  s i z e ,  and t h e  carbon steel wrapper w a s  
p o s i t i o n e d  f o r  t r i a l  assembly, The carbon steel bonding c o n t a i n e r ,  wrapper,  and 
cover  were p repa red  f o r  assembly by vapor b l a s t i n g  and r i n s i n g  i n  a l coho l .  
specimen components and molybdenum b a r r i e r  f o i l s  were chemica l ly  c leaned  and r i n s e d  
i n  a l c o h o l  p r i o r  t o  assembly. 
The 
For assembly, a f o i l - e n c a s e d  specimen w a s  p l a c e d  i n  t h e  wrapper which 
w a s  i n  t u r n  p l a c e d  i n t o  t h e  c o n t a i n e r  c a v i t y .  A f t e r  t h e  components were s e a t e d  i n  
t h e  f i x t u r e ,  t h e  t h i n  c o n t a i n e r  cover  w a s  clamped i n  p l a c e ,  Copper c o o l i n g  b locks  
were p o s i t i o n e d  a l o n g  t h e  c o n t a i n e r  w a l l s  f o r  welding. 
i n  a n  a rgon  chamber f o r  TIG welding. 
vacuum outgassed  f o r  1 / 2  hour a t  500 F i n  a vacuum of approximate ly  lom5 t o r r .  
The samples were then h e r m e t i c a l l y  s e a l e d  by c l o s i n g  t h e  s l i t  u s i n g  electron-beam 
weld ing  methods. 
The specimens were p laced  
A s l i t  was l e f t  unwelded and t h e  samples were 
The specimens were l e a k  t e s t e d  a f t e r  c l o s u r e ,  
39880 
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To accomplish f i n a l  f a b r i c a t i o n  of t h e  b a r s ,  a s p e c i a l  gas -p res su re  bond- 
i n g  c y c l e  was employed. 
p s i  w h i l e  t hey  were hea ted  t o  1600 F. The p r e s s u r e  was r a i s e d  t o  10,000 p s i  t o  
a c h i e v e  t h e  p rope r  sample movement and c o n t a i n e r  c o l l a p s e .  
by r a i s i n g  t h e  t empera tu re  t o  2200 F and ho ld ing  f o r  2 hours ,  
s teel  and molybdenum were leached  from t h e  n i cke l -base  c l a d d i n g  and unpro tec t ed  
s u b s t r a t e  i n  a n i t r i c  a c i d  ba th .  One of t h e  t e n  samples ,  Number 7 ,  w a s  n o t  bonded 
due t o  a leak i n  t h e  s teel  c o n t a i n e r  and was n o t  processed  f u r t h e r .  A second sam- 
p l e ,  Number 1, was v e r y  p o o r l y  bonded, b u t  was inc luded  i n  t h e  subsequent  a lumin iz ing  
run. 
The specimens were main ta ined  a t  a nominal p r e s s u r e  of 300 
The c y c l e  w a s  completed 
A f t e r  bonding, t h e  
Nine samples were a luminized  by h e a t i n g  t o  1750 F and h o l d i n g  f o r  1 2  hour s ,  
u s i n g  e s s e n t i a l l y  t h e  same procedures  a p p l i e d  i n  p r o c e s s i n g  s h e e t  samples i n  ear l ie r  
phases  of t h i s  program. 
hours  a t  2100 F fol lowed by 16 hour s  a t  2200 F. The ave rage  weight  g a i n  of t h e  n i n e  
wedge b a r  samples w a s  3.6 mg/cm2 w i t h  a r ange  o f  v a l u e s  of 3 . 2  t o  4.5 mg/cm 2. (See 
Appendix Table  A-1  f o r  t h e  weight  g a i n  d u r i n g  a luminiz ing . )  This  i s  somewhat less 
t h a n  t h e  d e s i r e d  aluminum level and i s  e q u i v a l e n t  t o  a n  aluminum c o n t e n t  of on ly  
abou t  3.0 weight  pe rcen t .  However, because  of t h e  shape  of  t h e  wedge b a r s  and t h e  
f a c t  t h a t  n o t  a l l  of t h e  b a r  was c l a d  w i t h  n i c k e l ,  t h e r e  is some q u e s t i o n  r e g a r d i n g  
t h e  weight  g a i n  c a l c u l a t i o n .  
Homogenization w a s  accomplished by h e a t i n g  i n  a rgon  f o r  4 
During a lumin iz ing ,  Sample Number 1 showed c o n s i d e r a b l e  s e p a r a t i o n  o f  t h e  
c l add ing  a long  t h e  t r a i l i n g  edge of t h e  wedge b a r  and l o s t  t h e  n i c k e l  a l l o y  end cap. 
On homogenizat ion,  several o t h e r  samples tended t o  show some dec ladd ing  a long  t h e  
t r a i l i n g  edge of t h e  wedge ba r .  Only Sample Number 5 appeared comple te ly  f r e e  from 
t h i s  d e f e c t .  Of t h e  remain ing  samples,Numbers 2 and 10 appeared i n  t h e  b e s t  condi-  
t i o n .  The occur rence  of  t h i s  d e f e c t  was unexpected,  and i n d i c a t e s  t h a t  on ly  m a r -  
g i n a l  bonding occurred  between t h e  c l a d d i n g  components on  t h e  s i d e s  and t r a i l i n g  
edges of  t h e  weage ba r s .  
NASA f o r  e v a l u a t i o n .  
Desp i t e  t h e s e  d e f e c t s ,  a l l  e i g h t  wedge b a r s  were g iven  t o  
RECOMMENDATIONS 
Metall ic c l a d d i n g  appea r s  capab le  of p r o t e c t i n g  chromium-5 p e r c e n t  tung- 
s t e n  a l l o y  from o x i d a t i o n  at 2100 o r  2300 F. However, poor  bend p r o p e r t i e s  are 
observed a f t e r  exposure, The p r e s e n t  work shows t h a t  t h e  l o s s  of bend d u c t i l i t y  i s  
t h e  r e s u l t  of i n t e r d i f f u s i o n  of a l l o y i n g  e lements  between t h e  c l add ing  a l l o y  and 
t h e  chromium a l l o y .  Both chromium and n i c k e l  appear  t o  p a s s  through t h e  t u n g s t e n  
b a r r i e r  layer; used t o  s e p a r a t e  t h e  c l a d d i n g  a l l o y  from t h e  chromium a l l o y , w i t h  re- 
l a t ive  easeo The development of a u s e f u l  c l add ing  system w i l l  r e q u i r e  t h a t  a n  i m -  
proved b a r r i e r  l a y e r  be  developed. Two approaches f o r  f u r t h e r  s t u d i e s  are sugges ted :  
(1) The t u n g s t e n  b a r r i e r  l a y e r  could b e  a l l o y e d  s o  as t o  reduce  
the d i f f u s i o n  rates of n i c k e l  and chromium, Al loy ing  add i -  
t i o n s  and s p e c i a l  thermal-mechanical  p r o c e s s i n g  which ra i se  
t h e  r e c r y s t a l l i z a t i o n  tempera ture  of t ungs t en  o r  promote t h e  
development of a f i n e  g r a i n  size should  be cons ide red  s i n c e  
there i s  some evidence  t h a t  a cont inuous  g r a i n  boundary through 
t h e  b a r r i e r  l a y e r  i s  e q e c i a l l y  conducive t o  d i f f u s i o n ,  
a d d i t i o n s  which r educe  chromium o r  n i c k e l  s o l u b i l i t y  i n  t u n g s t e n  
should  prove  h e l p f u l ,  as should  a d d i t i o n s  which would react w i t h  
t h e s e  e lements  t o  form s t a b l e  compounds. 
Also ,  
133 
k 
Alternate barrier layers could be considered. These might 
include multiple metallic layers in which each component retards 
penetration of one of the diffusing materials. 
chromium layer between the barrier layer and the chromium-base 
alloy might prove useful as a means of diluting any interdiffu- 
sing elements. Also ,  it might be possible to use completely im- 
permeable nonmetallic barriers. This latter approach is perhaps 
less attractive since no nonmetallic barrier materials which 
would be obviously superior t o  tungsten are known, 
An unalloyed 
Studies designed t o  develop improved barrier materials could be most eco- 
nomically carried out using a fundamental approach. Bonded three-layer strips of 
cladding al1oy:barrier 1ayer:chromium alloy could be prepared and sectioned t o  
provide a number of samples for thermal exposure in argon, Metallographic examina- 
tion and microprobe analysis of variously exposed samples could be used t o  deter- 
mine the interdiffusion behavior. 
ing a large number of potentially-useful barrier systems rapidly, thus permitting 
the examination of processing and thickness variables as well as compositional vari- 
ables. The present work has provided several indications that the tungsten barrier 
is capable of preventing interdiffusion in certain instances, which would suggest 
that such a study would be successful. 
These procedures would provide a method of screen- 
Since loss of bend ductility is apparently at least partly the result of 
an increase in ductile-brittle transition of the chromium-base alloy caused by an 
increased tungsten content at the surface which accompanies a loss of  chromium, 
the present cladding system might prove useful on unalloyed chromium or on selected 
chromium alloys. 
The data upon which this report is based are contained in Battelle 
Memorial Institute Laboratory Record Books No. 22996, 23883, 22578, 23458, and 
24778. 
DNW/RHE/CAM/JJE/ESB: Sam 
2-23-68 
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APPENDIX 
A- 1 
Sample Weight Gain, 
TABLE A-1. WEIGHT GAIN DURING ALUMINIZING TREATMENTS 
(Samples aluminized 12 hours at 1750 F unless otherwise noted) 
I t  
Sample Weight Gain, 
System Number ma/ cm2 ( 1) 
I 
la I- 1 5.1 
-2 3.2 
-3 3 .3  
-4 3.4 
System Number mg/ cm2 ( 1) 
-5 3.4 
-6 5.2(2) 
-7 6,6(2) 
-9 Not determined (2) 
-8 5.9(2) 
- 10 
-11 - 12 - 13 - 14 - 15 
l b  I- 16 
-17 - 18 - 19 
-20 
-21 
-22 
-23 - 24 
-25 
-26 
-27 
-28 
-29 
-30 
-31 
lb lb- 1 
-2 
-3 
-4 
-5 
-6 
l b  Wedge-1 
-2 
-3 
-4 
-5 
-6 
-8 
-9 
-10 
4.5 
4.4 
4.2 
4.1 
4.1 
4.2 
4.1 
4.1 
4.1 
4.1 
4.2 
4.3 
4.1 
4.1 
4.1 
4.2 
4.0 
4.4 
4.7 
4.0 
3.8 
3.8 
3.9 
3,6 
4.0 
3.7 
4.1 
Not determined 
3.2 
3.3 
3.4 
3.8 
4.4 
3.6 
3.7 
4.0 
4.5 
2a 11- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-11 - 12 
-13 - 14 - 15 - 16 
2b 11-17 - 18 
- 19 
-20 
-21 
-23 
-24 
-25 - 26 - 27 
-28 - 29 
-30 
-31 
-32 
9 33 
-34 
-35 
-36 
-37 - 38 
-39 - 40 
-41 
-42 
-43 
-44 
-45 - 46 
-47 - 48 - 49 
-50 
-51 
5.2 
3.1 
3.2 
3.2 
4. 9(2) 
4.9(2) 
4. 8(2) 
4.2 
4.4 
4.5 
4.7 
4.2 
4.2 
4.2 
3.8 
4.1 
4.1 
4.1 
4.2 
4.0 
4.1 
4.2 
4.5 
4.2 
4.4 
4.1 
3.7 
3.6 
3.7 
3.8 
4.1 
4.8 
4.1 
3.9 
3.9 
4.0 
4.3 
4.8 
4.9 
3.7 
3.7 
3.7 
3.9 
4.4 
3.9 
3.8 
3.9 
4.7 
A-2 
TABLE A- 1. 
Sample Weight Gain, 
System Number mg/cm*(1) 
2c 11-9 - 10 
4 IV- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 - 12 - 13 - 14 
-15 - 16 
-17 - 18 
5 v- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 - 10 
-11 - 12 - 13 - 14 - 15 
6 vl- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 - 12 
-13 
5.1 
5.0 
5.0 
4.3 
4.0 
4.4 
Not determined(2) . 
4.5 
4.8 
4.6 
4.3 
4.1 
4.0 
3.6 
4.2 
4.2 
3.9 
4.3 
5. 6(2) 
6. 1(2) 
5.4(2) 
3.9 
4.8 
4.9 
5.0 
4.2 
4.1 
4.1 
3.8 
3.8 
5.0 
4.8 
5.2 
4.1 
4.2 
4.3 
(continued) 
Sample Weight Gain, 
System Number mg/ cm2 ( 1) 
7 
8 
9 
10 
12 
15 
VII-1 
-2 
-3 
-4 
-5 
-6 
-7 
VIII-1 
-2 
-3 
-4 
-5 
-6 
-7 
IX- 1 
-2 
-3 
-4 
-5 
x- 1 
-2 
-3 
-4 
-5 
XII-1 
-2 
-3 
-4 
-5 
15-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 - 10 
-11 - 12 
4.4 
’ 4.5 
4.4 
4.5 
5. 6(2) 
5.8(2) 
Not determined(2) 
4.5 
4.6 
4.4 
5.3 
6. 1(2) 
6. 3(2) 
6,7(2) 
4.1 
4.4 
4.1 
4.1 
4.2 
4.5 
4.4 
3.8 
3.7 
3.9 
4.4 
4.7 
4.2 
4.0 
4.1 
3.7 
3.7 
3.8 
3.9 
4.0 
4.0 
4.1 
4.1 
4.2 
4.3 
4.3 
Not determined 
rootnotes on following page. 
A- 3 
Footnotes for Table A-1 
(1) The weight gain data may be converted to weight percent aluminum as follows: 
Ni30Cr:weight percent A1 = 
Ni-20Cr-20W:weight percent A1 = 
(2) These samples aluminized for 18 hours at 1750 F instead of 12 hours. 
Note: All samples homogenized after aluminizing by annealing in argon f o r  4 
hours at 2100 F followed by 16 hours at 2200 F, 
A-4 
TABLE A-2. SUMMARY OF SAMPLES PREPARED FOR STUDY 
Oxidation Exposure 
Sample Sample Time, hr 
Sys tem Number Size Temp., F Cycle Total 
la 1-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 - 10 
-11 
-12 - 13 
-14 
-15 
lb 1-16 
-17 - 18 - 19 
-20 
-21 
-22 
-2 3 
-24 
-25 
-26 
-27 
-28 
-29 
-30 
-31 
1 x 1  
I 1  
I1 
I 1  
I 1  
I 1  
3/4 x 3-1/2 
11 
I 1  
91 
11 
11 
11 
I 1  
11 
1 x 2  
I I  
11 
I1 
11 
I I  
I 1  
I I  
I 1  
11 
I 1  
I I  
3/4 x 3-1/2 
I 1  
I 1  
I 1  
2100:2:100 
Defected 2100:.10: 10 
Defected 2100: 10/40:50 
2100:2/20:200 
Dit to 
2300: 2/.20: 200 
2300: 2: 80 
2300: 2/20:200 
None 
2100: 20: 100 
Ditto 
91 
11 
11 
I 1  
2100:2:100 
HLH 
HL 
2100:20:600 
2300:20:240 
2300:20:160 
2300:2:40 
2100:20:60 
Ditto 
2300:.20: 240 
2100:20:600 
2300: 20: 160 
2100:20:300 
Ditto 
I I  
I 1  
2100:20:100 
None 
2100:20:100 
11 
I I  
I 1  
I 1  
I t  
I 1  I 1  
lb lb-1 
-2 
-3 
-4 
-5 
-6 
Ditto 
Ditto 
2a 11- 1 1 x 1  2100: 2: 100 
2100: 2/20: 20 I 1  
I I  
I t  
I 1  
11 
I I  
-2 
-3 
-4 
-5 
-6 
-7 
Ditto 
No ne 
2300: 2/20: 200 
Ditto 
2300: 2: 100 
Examined for 
Metallography 
I t  
I t  
(Not tested) (2) 
Me ,t a 1 lo gr aphy 
I t  
I t  
(Not tested) 
Metallography 
Bend test--700 
Bend test--1600 
Bend test--1400 
Bend test--1200 
Bend test--1000 
(Not tested)(2) 
Met a1 lo gr aphy 
11 
I I  
11 
11 
I t  
11 
11 
(Not tested) (2) 
(Not tested) 
(Not tested)(2) 
Metallography 
Bend tes t-- 1000 
Bend tes t--1200(2) 
Bend tes t--1400 
Bend test--1600 
(Me ta 1 lograp hy ) 
Bend t es t -- 1200 
Me ta 1 lography 
Bend test- - 1300 
Bend tes t-- 1400 
Bend test--1200 
I 1  * 
Metallography 
(Not 
11 
Ditto 
Metallography 
11 
11 
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TABLE A-2. (continued) 
Oxidation Exposure 
Sample Sample Time, hr 
System Number Size Temp., F Cycle Total Examined for 
2a 11-8 
(cont . ) 
-11 - 12 
-13 - 14 
-15 - 16 
2b 11-17 - 18 - 19 
-20 
-21 
-22 
-23 
-24 
-25 
-26 
-27 
-28 
-29 - 30 
-31 - 32 - 33 
- 34 - 35 - 36 
- 37 
- 38 - 39 
-40 
-41 
-42 
-43 
-44 
-45 
-46 
-47 
-48 
-49 
-50 
-51 
3/4 x 3-1/2 
I t  11
I t  
II 
II 
I 1  
1 x 2  
I1  
11 
II 
11 
II 
11 
II 
11 
II 
1 1  
I t  
314 x 3-112 
11 
I 1  
11 
II 
II 
I 1  
I 1  Y  
II 1  
11 
ll 
11 
11 
II 
11 
I 1  
11 
II 
None 
2 100: 20: 100 
Ditto 
11 
11 
I 1  
II 
2100: 2: 100 
2100: 20: 600 
Ditto 
11 
HZH 
2300: 2: 100 
HL 
2100:20:600 
2300:20:60 
2300: 20: 260 
2300: 20: 320 
2300: 20: 460 
2300: 20: 200 
2100: 20: 300 
Ditto 
II 
I t  
2300: 20: 200 
2300: 20: 120 
Ditto 
2300: 20: 200 
Ditto 
Ditto 
2300: 20: 120 
I 1  
2300: 20: 200 
2100: 20: 300 
2100: 20: 600 
2300:20:120 
2100: 20: 600 
Ditto 
Ditto 
Ditto 
11 
2300: 20: 120 
Metallography 
(as aluminized & 
as homogenized) 
Bend tes t - - 75 
Bend test -- 16 00 
Bend test--1400 
Bend test--1200 
Bend test--1000 
Bend test - -800 
Metallography 
(Not tested) 
Ditto 
Metallography 
I t  
I 1  
I 1  
(Not tested) 
Ditto 
Metallography 
(Not tested) 
Metal lography 
(Not tested) 
Bend test--1000 
Bend test--1200 
Bend tes t--1400 
Bend test--1600 
(Me tal 1 ography) 
(Not tested) 
(Not tested)(2) 
Bend test--1600 
(Metallography) 
Bend t es t - - 1600 
(Metallography) 
Bend test -4400 
(Not tested)(2) 
Ditto 
(Not tested) 
(Not tested) 
Ditto 
II 
(2) 
11 
11 
11 
I 1  
Bend test -- 8 00 
(in yoke) 
(Not tested) 
Bend test--1400 
(2) 
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TABLE A-2. (continued) 
Oxidation Exposure 
Sample Sample Time, hr 
Sys tem Number Size Temp., F Cycle Total Examined for 
2c 11-9 
-10 
3 111- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 - 12 
-13 
1 x 1  
I1 
I t  
I 1  
11 
11 
I 1  
11 
11 
3/4 x 3-1/2 
11 
I1 
I 1  
I 1  
II 
2100: 2/20: 200 
2100: 2:200 
Me ta 11 o graphy 
11 
2100:2/20:200 
2100: 2: 100 
2100: 2/20: 200 
None 
2300: 2: 100 
2300: 2/20: 200 
Ditto 
2100: 20: 100 
Ditto 
11 
11 
11 
11 
11 
I I  
(Not tested) 
Ditto 
Metallography 
(Not tested) 
Metallography 
Bend test--1000 
Bend test--1600 
Bend test--1400 
Bend test - - 1200 
Bend t es t - 1000 
Bend t es t -8 00 
4 IV- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 - 10 - 11 
-12 - 13 - 14 - 15 - 16 - 17 - 18 
5 v- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 - 10 - 11 
- 12 
1 x 1  
1 1  
I 1  
I1 
11 
I t  
11 
3/4 x 3-1/2 
I 1  
11 
I 1  
I 1  
11 
r1 
11 
11 
11 
11 
11 
I 1  
1 1  
11 
I 1  1
I 1  t
11 
I 1  
I 1  
I 1  
2100: 2: 100 
2100: 2/ 20: 200 
Ditto 
None 
2300: 2:80 
Ditto 
I 1  
None 
Defected 2100: 10: 10 
None 
Defected 2100: 10/40:50 
None 
2100:20:100 
Ditto 
I t  
11 
11 
Defected 2100: 10: 10 
Defected 2100: 10/40:50 
2100:2/20:200 
2100: 2: 100 
2100:2/20:200 
2300: 2: 100 
2300: 2/20: 200 
2300:2: 10 
None 
2100:20:100 
Ditto 
11 
Metallography 
(Not tested) 
Met a1 logr aphy 
I 1  
I 1  
(Not tested) 
Ditto 
I 1  
Metallography 
(Not tested) 
Metallography 
11 
Bend t es t - - 1200 
Bend test--1600 
Bend tes t--1400 
Bend test--1200 
(Not tested) 
Ditto 
Metallography 
I 1  
I 1  
11 
(Not tested) 
Metallography 
(1 
I1 
I 1  
Bend test--1500 
Bend test--1600 
Bend test--1400 
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TABLE A-2. (cont inued)  
Ox ida t ion  Exposure 
Sample Sample Time, h r  
System Number S i z e  Temp., F Cycle T o t a l  Examined f o r  
5 V-13 
- 15 (cont . )  -14 
6 VI-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 - 10 
-11 - 12 - 13 
7 VII- 1 
-2 
-3 
-4 
-5 
-6 
-7 
8 VIII-1 
-2 
-3 
-4  
-5 
-6 
-7 
9 I X -  1 
-2 
-3 
-4  
-5 
10 x- 1 
-2 
- 3  
-4 
-5 
11 X I -  1 
-2 
-3 
314 x 3-1/2 
11 
11 
1 x 1  
3/4 x 3-112 
If 
11 
I 1  
I 1  
11 
11 
I 1  
11 
11 
11 
11 
11 
11 
11 
11 
I1 
I 1  
I f  
11 
11 
I 1  
I 1  
I1 
11 
f I  11 
I t  
I t  
I 1  
I 1  
11 
I t  
11 
11 
I 1  
11 
2100: 20: 100 
D i t t o  
I 1  
2100: 2/20: 200 
2100: 2: 100 
None 
2100: 2: 40 
2300: 2: 2 
2300: 2: 6 
D i t t o  
2100: 20: 100 
D i t t o  
11 
I 1  
11 
1 1  
2100: 2/20: 200 
2300:2/20:200 
2100: 2: 50 
2100: 2: 90 
2300: 2: 10 
2300: 2: 100 
Nnne 
2100:2:100 
2 100: 2/ 100: 200 
2100: 2/20: 200 
2300: 2/20: 140 
2300: 2: 100 
2300: 2: 200 
None 
2300: 2: 2 
None 
2100: 2: 10 
None 
None 
2300: 20: 80 
2300: 20: 100 
2100: 2: 100 
2300: 20: 100 
D i t t o  
2100: 2: 100 
2300: 2: 100 
2300: 20: 100 
(Not t e s t e d )  
D i t t o  
I 1  
Met a1 1 o graphy 
I t  
I 1  
(Not t e s t e d )  
Metal lography 
(Not t e s t e d )  
Bend tes t - -1600 
Bend tes t--1400 
(Not t e s t e d )  
D i t t o  
11 
1 1  
11 
M e  t a 1 1 o g r  ap h y 
I 1  
I 1  
11 
(Not t e s t e d )  
Metal lography 
11 
I 1  
11 
(Not t e s t e d )  
Metal lography 
(Not t e s t e d )  
Meta l lography 
I 1  
( 1  
Bend test--1000 
Metal lography 
Bend tes t-- 1200 
Bend test--800 
(Not tested) 
Bend test--1400 
Metal lography 
Bend tes t -  - 1600 
11 
M e t  a 1 1 o grap  hy 
Bend tes t - -1600 
)'I 
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TABLE A-2. (continued) 
Oxidation Exposure 
Sample Sample Time, hr 
Sys tem Number Size Temp., F Cycle Total Examined for 
11 XI-4 
(cont.) -5 
12 XII- 1 
-2 
-3 
-4 
-5 
13 13- 1 
-2 
-3 
-4 
-5 
-6 
-7  
-8 
-9 
-10 
-11 - 12 
-13 - 14 - 15 - 16 
-17 
14 14- 1 
-2 
-3 
-4 
-5 
-6 
-7 
15 15-1 
-2 
-3  
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 
314 x 3-1/2 
I 1  
I 1  
11 
11 
11 
I 1  
11 
11 
I 1  1
11 
I 1  t  
11 
I 1  
I 1  
I 1  
11 
11 
I 1  
11 
11 I
I 1   
I t  
11 
I1 
I 1  
11 
I 1   
I 1  
I 1  
11 
I 1  
11 
11 
2300: 20: 100 
Ditto 
I t  
11 
I I  
2100: 2: 100 
2300: 2: 100 
2100: 2: lO(1) 
Ditto 
11 
11 
I 1  
I 1  
2100: 20: lOO(1) 
Ditto 
11 
I 1  
II 
11 
None 
None 
No ne 
None 
None 
2100: 20: 100 
Ditto 
11 
11 
11 
11 
None 
2100: 100: 100 
None 
2100: 100: 100 
Ditto 
11 
11 
2100: 20: 100 
Ditto 
I 1  
I 1  
11 
I 1  
Bend test--1200 
(Not tested)(2) 
Bend tes t-- 1400 
Bend test -- 1600 
(Not tested) 
Metallography 
11 
Bend test--1200 
Bend tes t--800 
Bend test--600 
Bend test - - 700 
(Not tested) 
Ditto 
Bend test--1200 
Bend tes t--800 
Bend test - -600 
Bend t es t -- 700 
Metallography 
(Not tested) 
Bend test -- 1200 
Bend test--800 
Bend test--700 
Bend test--600 
(Not tested) 
Bend test - - 1600 
Bend test --1200 
Bend t es t - - 140 0 
Bend test--1500 
(Not tested) 
Metallography 
11 
Bend test--1200 
Metallography 
Bend test--1400 
Bend t es t - - 1500 
Bend test -- 1600 
Met a 1 logr aphy 
Bend tes t--1600 
Bend test--1500 
Bend test- - 1200 
Bend t es t - - 1400 
(Not tested) 
I 1  
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TABLE A-2. (cont inued)  
Oxida t ion  Exposure 
Sample Sample Time, h r  
System Number S i z e  Temp., F Cycle  T o t a l  Examined f o r  
16 
17 
16-1 
- 2  
- 3  
-4 
-5 
-6 
17- 1 
-2 
-3  
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 - 12  
3 / 4  x 3 - 1 / 2  
I 1  
I t  
t l  
II 
I t  
I 1  
ll 
II 
11 
:I I1  
I t  
I t  
I t  
I t  
I t  
None 
No ne 
None 
No ne 
None 
None 
None 
None 
None 
None 
None 
None 
2100:20: 2 0  
D i t t o  
I t  
I 1  
I t  
I1  
Bend tes t - -1200 
Bend test--1400 
Bend t e s t - - 1 300 
(Not t e s t e d )  
D i t t o  
I 1  
S u r f a c e  a n a l y s i s  
(Not t e s t e d )  
D i t t o  
I t  
I t  
11 
11 
f t  
I t  
11 
11 
I t  
(1) Exposed i n  h igh -pur i ty  argon atmospheres .  
( 2 )  These samples subsequen t ly  used i n  dec ladd ing  s t u d i e s  des igned  t o  
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